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SECTION I
INTRODUCTION

In May 1978, Douglas Aircraft Company received a contract (USAF Contract
F33615-78-C-2001) from the Air Force to study the effects of broadening the
specifications for JP-4 and JP-8 fuel on the performance and cost of all USAF
aircraft presently using JP-4 as well as those expected to be introduced into the
force structure by 1983.

Phase I of this study was to determine analytically the effects of these
specification changes on minimizing fuel cost and maximizing the fuel availability/
flexibility without degrading performance, safety, and survivability/vulnerability.

The maximum variations to the properties specifications to be considered were as
fol lows:

Freeze Point, OF (oC) JP-4 JP-8
Present Specification, max. -72 (-58) C (-50)
Proposed Variation +14 ( 8) +18 ( 10)
Proposed Specification, max. C (-50) C- (-40)

Final Boiling Point, OF (oC)
Present Specification, max. 518 (270) 572 (300)
Proposed Variation +25 ( 14) +25 ( 14)
Proposed Specification, max. (284) S7 (314)

Smoke Point, mm
Present Specification, min 20a
Proposed Variation -2
Proposed Specification, min

a Maximum 3.0 Volume percent naphthalenes.

Union Oil Company was chosen to study the property variation effects on fuels,
Pratt & Whitney Aircraft Group studied the effects on engines, and McDonnell
Douglas studied the effects on the airframe. Highlights of these three studies
follow. Complete study reports are contained in Appendices to this report.
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SECTION II
HIGHLIGHTS OF FUEL SUPPLY STUDY

Union Oil Company obtained twenty-four foreign and nine domestic crude assays which
contained sufficient data to correlate freeze point and smoke point with initial
boiling point and final boiling point. This data was examined to determine the
effects on fuel availability, fuel costs, and hydrogen content (an important factor
in engine life), when varying the fuel properties to the maximum amount shown in
the above table.

When comparing the change from theoretical yields of present specifications to
proposed specifications, yields would increase as follows:

Percentage Increase
JP-4 8 .5 - 77.0

JP-8 41 - 62

This large increase in JP-8 is due wholly to the extension of boiling limits in a
narrow cut product that are made possible by an extension of the freeze point
limits.

Based on wholesale prices published by DOE for the period ending November 1978,
price changes which could result from the proposed specification changes and the
above volume increases would be as follows, assuming the added volume would come
from either diesel or heating oil boiling range stocks:

Price Chatige, 0/qal.
Using Diesel Prices Low High

JP-4 7-70
JP-8 0.67 1.01

Using Heating Oil Prices
JP-4 0.0 0.0
JP-8 -0.81 -1.23

The basic price of JP-4 was 39/gal and of JP-8 was 41/gal.

The development of this study occurred prior to the publication by DOE of fuel
prices for 1979 and prior to much of the middle east conflicts. The product prices
analyzed above were taken during a time of relative price stability. The fuel
prices published by DOE for 1979 show such a rapid escalation that they cannot be
used to predict relative prices between products.

Seven selected crudes were analyzed for changes in hydrogen content which would
result from the changes in specifications. Based on a similar weighting system as
described for volume effects above, the changes in hydrogen content would he as
follows:

Hydrogen Contents, wt% JP-4 JP-8
Proposed Specifications T7 l7 T- -

Present Specifications 13.91 13.70
Difference uTT7

Percentage Change -0.32 -1.20
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SECTION III
HIGHLIGHTS OF ENGINE STUDY

The overall objective of the engine manufacturer effort in Phase I was to assess
the impact of broadened-specification fuels on the performance and durability of
gas turbine engines used in USAF aircraft. The various engine related parameters
addressed in this phase of the program included ignition characteristics,
combustion efficiency, emissions, thermal loads, burner exit temperature
distribution, erosion, and coking of the fuel system. The sensitivity of these
parameters was discussed with regard to broadened-specification fuels in general,
and with regard to the proposed relaxations of current JP-4 and JP-8 fuel
specifications shown above.

A fuel characterization study was performed to determine the effects of the
proposed changes in JP-4 and JP-8 fuel specifications on fuel hydrogen content.
Through the use of interproperty correlations, it was determined that a change from
current JP-4 and JP-8 fuel values of final boiling point and smoke point to the
proposed specification limits will decrease current fuel values of hydrogen content
by 0.25 (% by weight). In addition, changes "n other fuel properties, including
volatility, specific gravity, viscosity, and thermal stablity, implied by the
proposed changes in JP-4 and JP-8 fuel specifications were estimated.

A literature survey was conducted to relate the chemical nature and physical
properties of fuels to the engine related parameters mentioned previously. The
impact of various fuel types on engine performance and durability was qualitatively
discussed relative to three USAF engines: the FlOO, the TF30, and the J57.
Whenever possible, estimates as to the extent of this impact were made utilizing
the various fuel property changes determined in the fuel characterization study.

Thermal analyses were performed to analytically determine the effect of the
proposed relaxations of JP-4 and JP-8 fuel specifications on combustor liner and
turbine airfoil temperatures in two USAF engines: the J57-59W and the FlOO-PW-lOO.
Increases in radiant heat loads to these engine components were found using the
estimated change in fuel hydrogen content determined in the fuel characterization
study and available data in the literature relating fuel hydrogen content and
radiant heat loads. Increases in average liner temperatures resulting from the use
of the relaxed specification JP-4 and JP-8 fuels relative to current JP-4 and JP-8
fuels were found to be approximately 9F for the J57 combustor and approximately
60F for the FlO0 combustor at sea level takeoff operating conditions. Increases
in turbine airfoil temperatures were found to be negligible for both engines. The
results of the thermal analyses were used to predict the corresponding impact on
combustor life for the two engines considered.

The major findings and conclusions of the Phase I effort with respect to durability
and performance are as follows:

Durability

The FlO0 combustor baseline life with current JP-4 and JP-8
fuels will be reduced by approximately 2% (or less) when usinq
the relaxed specification JP-4 and JP-8 fuels.
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The J57 combustor is not life-limited to the same extent as the FlOO
combustor. Individual louvers are repaired and replaced as often as
necessary, and a baseline life cannot readily be established. However, as
a result of using the relaxed specification fuels relative to current
fuels, cracks in the combustor liner will initiate approximately 4.5% (or
less) sooner, and have approximately a 2.5% (or less) faster growth rate.
In addition, the erosion rate in the vicinity of the crossover tubes may
increasc by as much as 25%, depending on the exact KC-135 mission profile.

The relaxed specification JP-4 and JP-8 fuels are expected to have no
impact on turbine durability in the FlOQ and J57 engines relative to
current JP-4 and JP-8 fuels.

The proposed relaxations of JP-4 and JP-8 fuel specifications are expected
to have negligible effect on fuel thermal stability. Therefore, coking of
engine fuel systems should not increase.

Performance

The study showed that the proposed relaxed specifications would have a
negligible effect on visible smoke emissions.

The relaxed specification JP-4 and JP-9 fuels are expected to have no
impact on engine performance, with the exception of ignition capability,
relative to current JP-4 and JP-8 fuels. The higher viscosity and lower
volatility of the relaxed specification fuels may have an adverse effect
on ignition capabilities when fuel and/or air temperatures are relatively
low (cold-day ground starts and altitude ignition). The extent of this
effect depends on both operating conditions and the particular engine
employed, and cannot be predicted due to a lack of pertinent data.
However, the incremental effect of the relaxed specification fuels on
ignition capabilities relative to current JP-4 and JP-8 fuels is expected
to be less than the incremental effect associated with the use of JP-5
relative to JP-4 fuel.

4



SECTION IV
HIGHLIGHTS OF AIRFRAME STUDY

The main objective of the airframe manufacturer effort in Phase I was to determine
the effect of broadened - specification fuels on aircraft fuel system performance.

First it was necessary to determine a realistic minimum ambient air temperature
envelope to use for all of the airplanes in the study. After reviewing the
available ambient air temperature data, it was decided to use the MIL-STfl-?lOB
one-day-per year risk minimum temperature profile. All of the airplanes in the
study were placed within this temperature envelope during "fuel temperature
critical" type missions. The aircraft adiabatic surface temperature (recovery
temperature) was then calculated for each mission and this temperature was selected
as the limiting case for fuel freeze point considerations.

It was beyond the scope of this program to study all of the airplanes in the Air
Force inventory. Several of the Air Force "high fuel user" airplanes were selected
for this study following a study of fuel use by aircraft model. Together these
aircraft consume 75% or more of the fuel used by the USAF. The airplanes chosen
for this study were the KG-IOA, C-9, F-4, F-15, B-52, C-130, C-1315, C-141 and the
0-5.

The fuel systems and fuel management methods of each airplane were studied to
evaluate the effect on the system performance of operating with tank fuel
temperatures near the freeze point. The recovery temperature was used as a means
of predicting minimum inflight fuel temperatures and the relationship with maximum
allowable freeze points. It is recognized that the USE of MIL-STD-?108 and the
aircraft recovery temperature is a fairly conservative approach, however, it was
decided that a less conservative approach could not be justified with the limited
amount of data that is available on this subject.

Using the selected approach, with some consideration of flight conditions, but not
considering variation in geographical locations, it was determined that all of the
airplanes in the study could obtain tank fuel temperatures below the present
maximum allowable freeze point of both JP-4 and JP-8 if operated continuously in a
MIL-STD-2 108 cold temperature environment. If the outside air temperature was
considered to vary with flight time and only approached the MIL-STD extremes for
limited time, which would be the actual case, the minimum fuel temperatures may not
be as low. A standard for variation of temperature with flight time has not been
established. It was therefore concluded that the maximum allowable freeze point of
JP-4 or JP-8 cannot be increased without degrading system performance and safety a
critic',l conditions are approached.

In actual practice, airplanes today do not fly "worst case" missions which combine
high freeze point fuels with persistent low ambient temperatures at the minimum
level of the MIL-STD. Therefore, while this study implies that current limits on
freeze points may be questionable, the real problem is not current fuel freeze
points; rather, the problem is a definition of realistic standards.
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SECTION V

DISCUSSION OF RESULTS

AVAILABILITY

The study results indicate that a large percentage increase in turbine fuel
availability would occur if the specification limits were relaxed. However, the
term "availability" is frequently used in a very misleading way.

The meaning of "increased availability" as it is used here must be made clear. A
true increase in availability, through specification relaxation, would only occur
if the USAF were actually using all the turbine fuel which could be produced within
the current specification limits and could get more if the specification limits did
not preclude the use of some hydrocarbon product. Relaxing the specification
limits would then truly make more fuel available to the USAF. The percentage
increases in availability determined in this study are of this variety.

The USAF can get more turbine fuel in time of need by government edict that would
direct hydrocarbon supplies falling within the current JP-4 and JP-8
specifications, but now going into gasoline, diesel, and commercial turbine fuel
products, into military fuels production.

The USAF is not currently constrained by true availability due to specification
limits, i.e., the USAF does not use all the existing hydrocarbon product which fits
their specification limits. Rather, limitations are imposed by artificial
allocations of product and by the serious desire on the part of the USAF to hold
down its expenses for turbine fuel by entering the market in a price competitive
manner. Therefore, the result of expanding the fuel specification limits in normal
times is to increase "price competitive" availability rather than true availability.

In today's environment, demand exceeds supply. As a nation, we are crude short and
refining capacity is strained to the limit. Broadening fuel specifications will
not create any more turbine fuel. Increased crude supplies are required to make
more total fuel available. Improved refinery processing capability can provide
flexibility in meeting market demands and in handling the less desirable crudes
which muist be used.

Two factors restricting refining capacity are:

1) Environmental pressure comnbined with s-rict EPA regulations make it very
difficult and costly to build a new refinery today.

2) New refineries and even new units in existing refineries are harder to
justify due to current projections indicating a downturn in gasoline demand
over the next decadi. Also, it may not be possible to locate assured crude
supplies for a new refinery today.

Increased turbine fuel supply must be purchased, therefore, at the expense of
decreased gasoline, diesel, or heating oil supply.

PRICE

Study results show that a possible decrease in fuel costs may occur if the
variation in allowable JP-8 properties will permit the USAF to participate in the
current heating oil market. Price decreases in the range of 0.81 and l.?3t/gal are
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estimated if only the increase in turbine fuel availability comes from the heating
oil market. Increased competition in the heating oil market will tend to drive
prices up dulling any advantage offered by the specification change. Increased
competition will drive the prices up in any market.

The diesel and heating oil product differences are not great. The whole middle
distillate market is expected to experience increased competition and upward price
pressure without USAF participation in these markets. Since some of this
competition is coming from users currently in the gasoline market, the pressure in
the gasoline market will lessen, relatively speaking, which will tend to remove
some pressure from JP-4 prices.

The USAF is currently in a program to change over from JP-4 to JP-8. The results
of this study indicate that a move to JP-8 may increase the USAF costs more than if
JP-4 were retained as the primary fuel. Discounting effects on the middle
distillate market, study figures, based on prices through 1978, indicate about 2
t/gal savings by staying with JP-4.

Staying with JP-4 will remove or significantly reduce any problems of freeze point
which may be introduced by extensive use of JP-8 or JP-8 with an increased freeze
point. The decreases in durability and engine life and accompanying maintenance

cost increases identified in this study would be avoided.

ENGINE EFFECTSI
The Union study indicated a hydrogen content change of - 0.17 for JP-8 due to the
fuel property changes under study. The Pratt & Whitney study conservatively used a
change of - 0.25 in their thermal analysis. The slight effect of even the
conservative value of this property change on the engine indicates that the overall
effects of the smoke point reduction will be of little significance to USAF
operating costs.

ENVIRONMENT

The comparison of MIL-STD-210B one-day-per-year minimum temperatures at cruise
altitudes with reported minimumn temperatures from commnercial aviation experience
indicated that the MIL-STD temperatures were in the same vicinity as reported
commnercial temperatures with a similarly assigned frequency of occurrence. This
comparison would indicate that the minimum temperatures at cruise altitudes show
enough similarity to reinforce the selection of MIL-STD-2108 at cruise altitudes,
but does not corroborate the MIL-STD values at other altitudes.

A serious shortcoming of MIL-STD-210B and other atmospheric cold or artic "day".
standards is that no quantitative information is given on the duration of these
temperatures in time or location. Analysis of aircraft tank fuel temperatures
during a flight requires a profile of temperatures for that flight on the day in
question to be of practical use.

A well documented and broadly accepted simple flight model atmosphere into which
any aircraft can be placed for analysis is needed. The model would simply be a
three dimensional array of static air temperatures covering the areas of the
earth's atmosphere where flights are considered.

7



There have been cursory attempts to define three dimensional models. One model
reported by NASA has been used in this report. However, none of these models nave
been developed to the point of being established as a standdrd for design. Such d
design standard is needed.

A standard model such as just descriDed would allow very definitive andlyses of
fuel temperatures on particular aircraft to be made that would consider time
transients. The relatively conservative approach used in this report of evaluaLing
fuel temperatures on the basis of recovery temperatures and steady state conditions
could be improved considerably.

OPERAT IONS

The USAF has the choice to (1) provide fuel with a freeze point low enough to
satisfy every aircraft on every mission or to (2) allow a slightly nigher freeze
point fuel and accept the possibility of deviation from intended flight path on
those occasions when air temperatures and mission profiles result in fuel freeze
point encounters.

Inflight deviations can be minimized by two methods:

1. Considering that aircraft are flown to preselected fuel temperature/fuel
freeze point margin limits where these margins are set by tne aircraft
manufacturer or by the USAF as a result of analysis and testing programs,
fuel temperature margin requirements can be reduced by improvements of
inflight fuel temperature measuring or possibly by fuel system
modifications.

2. Actual fuel freeze points are usually below the maximums allowed by
specification. The development and deployment of a field capability to'
measure actual fuel freeze points will prevent unnecessary flight
deviations due to using specification limits in flight crew instructions.

AIRCRAFT DESIGN

The way fuel is held, transferred, and used in an aircraft is known a- its f'jel
management schedule. Specific components or fuel subsystems may be :iuttalled tD
accomplish this task. The combination of the fuel management scheduic and the fuel
tankage arrangement of an aircraft has a very significant effect on tne minimum
fuel temperature experienced on a given flight.

Study of the various aircraft considered in this effort indicates that there ie
many different fuel management systems in use. Fuel management can be quite
complicated on a large multi-engine aircraft. The scheme can vary with aircraft
model and with specific missions.

Fuel management schemes nave beer orimarily seIecteI to provie acvdnta qes in Ln e
areas of center-of-gravity lc.q.) control and structural load cont'o . 7nm
ultimate benefit is a more efficient airp-lane.

Aircraft center of gravity shift car, be controlled by movinq fuel amorri the tinKs
or by using fuel from the tanks to tne engines ir a prescrioec; lnanne,. Irese ue'
management techniques may be applied du, nq aircraft. Icadiminq t,' itlP xow
variation in where pavloac can le ocatec, aooarc the air :,mt - t ,,
specific cargo loadings where weiqnt. may De concentraLec a. r,e il it ,
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Structural load control is usually practiced by maintaining fuel outboard in the
wings to counter aerodynamic loads. Load alleviation by counter-acting fuel load
forces results in a lighter airframe structural requirement than if the aerodynamic
loads were handled by pure structural strength. Winq flutter damping by
maintaining fuel mass outboard also results in reduced structural weight of the
airframe. Reduced airframe weight can allow greater payloads or can give greater
fuel efficiency to the airplane.

Combinations of c.g. control and structural load control can he used in other ways
to reduce airplane weight and drag. These concepts are "built in" to the airplane
to make it the most efficient package possible.

Deviations from normal fuel management schedules to maintain fuel temperatures at
higher levels would have to be evaluated for each specific aircraft to determine
what other limitations may result. It may occur that such deviations would result
in greater fuel consumption which would be counter productive to the original
intent of increasing fuel availability and reducing costs by allowable fuel freeze
point increases.

The allowable limit of congealed fuel buildup in fuel tanks at low temperatures is
not defined. Other fuels/fuel system research efforts are contemplated or are
under way by NASA and the USAF which will contribute toward understanding this
limit. The amount of congealed fuel cannot be measured directly and displayed in
the cockpit. A correlation of unavailable fuel at the critical point in a flight
with a parameter such as fuel temperature at a selected point is needed for each
airplane and system if this complicated process is to be allowed to progress to
where a system is pushed to its limit. While a thorough understanding of the
phenomena which occur when operating in this area is required, the state-of-the-art
of handling conditions this close to system failure is not sufficiently developed
to consider normal operations with fuel in this physical state.

Future design/procurement requests for specific aircraft should include studies to
evaluate the trade offs involved in designing the vehicle to accomodate fuel of an
increased freeze point. These studies should be directed at tank fuel heating
schemes, insulation concepts, constructions that are less inhibiting to flow of
semi-solid fuel, and alternative fuel management concepts. It is essential that a
design temperature environment that is realistic be established to provide a common
reference for these studies.



SECTION VI
CONCLUSIONS

- The specification maximum allowable freeze point of JP-4 or JP-8
cannot be increased without degrading aircraft system performance and
safety on the basis of criteria available to this study.

- There will be no impact on engine performance, turbine durability, or
coking.

- There will be a small increase in maintenance costs due to a less
than 2 to 4% decrease in combustor life.

- Using JP-4 as the standard USAF fuel will avoid the use of high-demand
middle-distillate fuels and will give producers flexibility.

- Extensive use of JP-8 in the United States will increase
middle-distillate demand and will cause a slight increase in hot
section maintenance.

- A realistic environmental envelope for aircraft operations is the most
important overall factor in appraisals of the adequacy of fuel freeze
points. A broadly accepted single flight model atmosphere is needed
to improve the evaluation of limiting conditions on aircraft fuel
temperatures.

- The USAF may increase fuel freeze points in peace time by being
willing to examine flight profiles, actual fuel freeze points, and
upper air temperatures on critical flights prior to dispatch and by
planning for diversions or flight concellations as a method of coping
with low fuel temperatures.

- The proposed increases in freeze point, smoke point and end point will
have no effect on survivability/vulnerability.

- Future design/procurement requests for specific aircraft should
include studies to evaluate the tradeoffs involved in designing the
vehicle to accommodate fuel of an increased freeze point.
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SECTION VII
RECOMMENDAT IONS

- The data base from which availability and fuel properties information was
obtained should be improved and updated to improve the results.

- A more accurate determination of the actual crude sources from which
turbine fuel is actually derived should be made to improve study results.
The current study was made on an overall crude property basis.

- Testing to verify and improve engine and airfame effects should use
specially blended test fuels having properties meeting the limits of a
relaxed specification.

- Experimental programs should be conducted to determine the impact of fuel
properties on engines. Particularly on:

a. The effects on carbon particulate formation, deposition and errosion
tendencies.

b. Fuel thermal stability and its relation to coke formation in actual
engine fuel systems.

c. The ef fect s on au gmen tal1 perf ormance an d du rab iIi ty.

- Programs directed towards developing improved durability combustor liner
designs should be conducted both for new design and retrofit applications.

- The USAF should define a cold day single flight model atmosphere for use in
design and evaluation of aircraft fuel systems performance.

- A survey of aircraft at specific bases and their missions should be made to
evaluate the ability to convert the base fuel supply to higher freeze point
fuels.

- The USAF should consider the use of actual fuel freeze points rather than
specification maximums for aircraft dispatch evaluations on non-critical
missions to ease the impact of any move to higher allowable freeze points.

A ll aircraft in the inventory which are to be operated close to fuel freeze
points should have a review of their systems & procedures for operating
nearer to actual fuel freeze points.

- A test procedure guideline and a test fuel should be developed to enable
manufacturers to run meaningful tests for evaluation of their systems & the
development of instrumentation system improvements.

- Future aircraft design requirements should recognize the desire to make
systems less sensitive to low temperature operations. Fuel tankage and
fuel management systems of future aircraft should be evaluated for the
trade offs between designing to handle higher freeze point fuels and any
fuel cost savings to be realized.
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SECTION 1. INTRODUCTION AND SUMMARY

A. Introduction

The United States Air Force1 issued a Request for Proposal on November 19, 1977, for
the purpose of studying the effects of changing certain specifications in turbine
fuels JP-4 and JP-8. Douglas Aircraft Company, as prime contractor, issued a
Technical Proposal titled "Fuel/Engine/Airfram Trade-Off Study" on January 9, 19782.

Pratt and Whitney Aircraft Group is subcontractor for engines; Union Oil Company,
Science and Technology Division, is subcontractor for fuels. Authority to proceed was
received on 11 July 1978 from Douglas. This Report covers Phase I of the authorized
study program.

The main objective of the fuels portion of the program is to determine the effect of
changing specifications on the availability of aviation turbine fuels. Other
objectives of the study are to determine the effect of the same specification changes
on fuel price and hydrogen content (an important factor in engine life).

An earlier study by Bonner & Moore3 attempted to determine jet fuel availability
changes due to relaxed specifications by using a poll of petroleum refining companies
representing 21% of the U. S. jet fuel production.

Bonner and Moore's study has the weakness of relying on a respondent's subjective
answers rather than the physical properties of the petroleum sources of the jet fuel.
Therefore, the present study was based on correlating data from crude assays and
utilizing data available from literature sources.

B. Summary

For Phase I, maximum variations to the following properties specifications as given in
the Technical Proposal 77D-357T page 4, are considered:

JP-4 JP-8
Freeze Point, OF

Present Specification, max. -72 -58
Proposed Variation +14 +18
Proposed Specification, max. M

Final Boiling Point, OF
Present Specifications, max. 518 572
Proposed Variation +25 +25
Proposed Specification, max.

United States Air Force, Air Force Systems Command, Aeronautical Systems
Division/PMRSA, Wright Patterson AFB, Ohio 45433, RFP No. F33615-78-R-2001,
Dated 19, November 1977.

2 Proposal 77D-357T, 9 January 1978, Douglas Aircraft Company, 3855 Lakewood
Boulevard, Long Beach, California 90846. (Proprietary Publication)

3 Impact of Fuel Properties on Jet Fuel Availability, April 1975-April 19?6,
Contract No. F33615-75-C-2022, Bonner and Moore Associates, Inc., 500
Jefferson, Houston, Texas 77002.

.7



Smoke Point, mm
Present Specification, min. 20a
Proposed Variation -2
Proposed Specification, min.

a Maximum 3.0 Volume percent naphthalenes.

Twenty-four foreign and nine domestic crude assays which contained sufficient data to
correlate these properties were obtained. Plots of smoke point and freezing point
were made against initial boiling point (IBP) and/or final boiling point (FBP). These
plots were used to estimate limits of FBP for freezing point and smoke point.

After determining which variable was limiting on the particular crude, the increases
in volume yields were determined from the crude assay for present and proposed
specifications.

U. S. crude oil consumption for foreign crudes by country source and domestic crudes
by state source were obtained from DOE publications. The crude assays analyzed were
assumed to represent the respective country or state on a volume basis, as a method to
average the results.

When comparing the change from theoretical yields of present specifications to
proposed specifications, yields would increase as follows:

Percentage Increase
JP-4 8.5 - 9.0

JP-8 41 - 62

Based on wholesale prices published by DOE, price changes which could result from the
proposed specification changes and the above volume increases would be as follows,
assuming the added volume would come from either diesel or heating oil boiling range
stocks:

Price Change, 0/gal.

Using Diesel Prices Low High
JP-4 -70 +

JP-8 0.67 1.01

Using Heating Oil Prices
JP-4 0.0 0.0
JP-8 -0.81 -1.23

Seven selected crudes were analyzed for changes in hydrogen content which would result
from the changes in specifications. Based on a similar weighting system as described
for volume effects above, the changes in hydrogen content would be as follows:

18



Hydrogen Contents, wt%4  JP-4 JP-8
Proposed Specifications TE6 '3.53
Present Specifications 13.91 13.70
Difference -0.05-

Percentage Change -0.32 -1.20

4 Weighted average of seven cr~ides studied, 140OF IBP cut on
JP-4.
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SECTION 2. SCOPE OF STUDY

Three main fuel supplier tasks to be performed by the fuel supplier for Phase I were
outlined on p.34 of the technical proposal for this study. These tasks are outlined
below:

Task 1 - Survey the literature for data required in this program.
Task 2 - Determine the increase in availability of turbine fuel based on the

best information from Task 1.
Task 3 - Estimate the change in cost for changes in specifications of the

turbine fuels.

The following turbine fuel properties and maximum variation from current
specifications were to be considered:

Property JP-4 JP-8
Freezing Point +T4-F +FF
Final Boiling Point +250F +250F
Smoke Point - -2mm

The following Table contains the current specifications and the proposed
specifications which would result from the above assumed maximum variation to the
current specification:

Specifications
Current Proposed

JP-4
-Feezing Point, OF -72 -58

Final Boiling Point, OF 518 543

JP-8
Freezing Point, OF -58 -40
Final Boiling Point, OF 572 597
Smoke Point, mm 20a  ISa

a With 3 vol % naphthalenes (max).

The Bartlesville Energy Research Center (BERC), DOE, Bartlesville, Oklahoma publishes
an annual aviation turbine fuels survey. Table 2.1 lists the minimum, maximum, and
average initial boiling points and final boiling points for JP-4, JP-5, and JET-A for
1977, as listed by BERC.

JP-4 must have a vapor pressure of 2.0 to 3.0 psia at 0OF under current
specifications. By plotting vapor pressure of naphtha cuts against IBP, we find that
an IBP of 1000 will usually satisfy the vapor pressure requirement. The average IBP
of JP-4 in 1977 was 138OF which suggests that, in most cases, butanes are probably
added to satisfy vapor pressure specifications. Therefore, both 10O0F and 140OF
initial boiling points were analyzed for JP-4 in this study.

JP-8 has a minimum flash point specification instead of a vapor pressure
specification. An IBP of 300OF was assumed to satisfy the flash point requirement
and was used in the study for JP-8.

20



TABLE 2.1

AVIATION TURBINE FUELS, 1977

BARTLESVILLE ENERGY RESEARCH CENTER
BARTLESVILLE, OKLAHOMA

MIN MAX AVG

JP-4 (28 Samples)
IBP 117 173 138
FBP 370 503 450

JP-5 (7 Samples)
IBP 264 378 351
FBP 470 566 504

JET A (65 Samples)
IBP 300 378 337
FBP 470 545 513

The average FBP for JP-4 in 1977 was reported to be 4500F. This is much lower than a
FBP designed to meet freezing point or smoke point specifications. A FBP of 450OF was
selected to represent "present yields" of JP-4 in this study.

However, since JP-4 has a relatively small part of the total petroleum market, it is
now felt that short of a wartime emergency situation, comparing changes in
specifications to this "present yield" is not a realistic approach.
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SECTION 3. LITERATURE SURVEY

Six literature search services were utilized to obtain pertinent data for Ibis
program. In addition, a hand search was made of industry trade ,journals for the most
recent issues which would not be included in the computer data banks.

Literature services used were:

1. CA - Chemical Abstracts.
2. EL - Energy Line (Environment Information Center)
3. FR - Federal Register.
4. NTIS - National Technical Information Service.
5. SSIE - Smithsonian Science Information Exchange.
6. API - American Petroleum Institute.

The following table lists the various keyword combinations used in eac. search:

Jet Fuel &
Jet Jet Fuel Jet Fuel Jet Fuel Jet Fuel Jet Fuel & Specs or

Source Years Fuel Supply Properties Costs Handling Crude Oil Ouality

CA 1970-78 X X X X X
EL 1971-78 X X X X X
FR 1977-78 X
NTIS 1970-78 X X X X
SSIE 1974-78 X X

API 1964-77 Crude Oil & Jet Fuel
Jet Fuel & Specifications/Product Quality & Cost
Jet Fuel & Specification/Product Quality & Material Handling/

Tank/F i l ter/F il trat ion
Jet Fuel & Specification/Product Quality 7 Melting Point/

Final B.P./Smoke Point/Viscosity/Density/Aromatics/
Hydrogen

Jet Fuel & Specifications/Product Quality & Supply
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SECTION 4. CRUDE ASSAYS

A Major Sources of Crude

Major sources of crude oil utilized in the United States had to be identified in order
to determine which crude assays would be useful.

Figure 4.1 displays plots of domestic, foreign, and total crude runs in U. S. oil
refineries for the years 1950 through 1978. Here we see the dramatic rise in foreiqn
&il imports accompanied by a decline in domestic oil production which has resulted
from political and economic forces since the late 1960's. Figure 4.1 shows that
foreign crudes must be analyzed since they constitute such a large percentaqe of the
U. S. crude consumption.

Figure 4.2 shows the production of major refined distillate products in the U. S. for
the same period. Jet fuel has increased about 1.2% per year over the ten year period
1968-1978. Distillate fuel oil and gasoline have increased 3.7% and 4.0% per year fe.
the same period. Distillate fuel oil includes diesel, home heating oil, and other
light fuel oils. JP-8 must compete with distillate fuel oil for volume and proposed
changes in endpoint would come out of the distillate fuel oil portions of the barrpl.

JP-4 competes mainly with gasoline, although historically, mainly low octane stocks
which were not suitable for gasoline were used in JP-4. With the proposed new
specifications, the extra volume for JP-4 would come from distillate fuel oil boilinq
range stocks.

Seven States provide 87% of the domestic crude produced in the U. S. These are Texas,
Louisiana, Alaska, California, Oklahoma, Wyoming, and New Mexico; listed in order of
volume produced in 1978. Figure 4.3 shows the cummulative volume percents of crude
these states have produced since 1950.

Figure 4.4 is similar to Figure 4.3 except that it deals with major foreian oil
imports. Prior to 1973, Venezuela and Canada were the two largest oil importers.
Since 1973, Arabian countries have been the largest importers followed by Indonesia
and Nigeria. Recent events in Iran will change the relationship of these curves even
more.

B LOCATING CRUDE ASSAYS

Having identified the domestic oil producing states and the foreign oil exportinq
countries important to the U. S. oil supply, the selection of crude assays could beoin.

Crude assays vary in style and content with each company developing them and with need
and cost justification for their development. Most United States oil companies
produce relatively simple crude assays. This may be due to the fact that the crude
oils are either consumed by the oil company or often sold on lonq term contracts.

International oil companies, which have traditionally sold crudes on a world wide
market, have developed very elaborate crude assays. This has often carried on into
domestic crudes they produce, since these same companies may have a wide variety of
refinery combinations to operate.
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A crude assay is made by distilling a sample of crude petroleum into a series of
progressively higher boiling "cuts" in a batch distillation column. These cuts may be
very narrow, such as every 20F, or very wide, simulating the boiling range of the
final products produced by the refinery. If the column overhead temperature for each
cut point is plotted against volume percent distilled, this is referred to as a
distillation curve. If narrow cuts are obtained from a column operated to provide
precise separation of cuts, the distillation curve is called a "true boiling point"
(TBP) curve.

The main requirement of crude assays which could be used in this study was to have a
number of jet fuel type distillate cuts from a given crude with smoke point and
freezing point analysis so that these properties could be extended to any distillate
cut point desired.

Twenty-four foreign and nine domestic crude assays were obtained which met the above
requirement. About fifteen foreign crude assays were obtained from the files of the
Union 76 Overseas Division of Union Oil Company. These inclined Middle Eastern,
African, and Indonesian crudes.

Jet fuel data on six domestic crudes were obtained from a large international oil
company. These are of the same format as their foreign crude assays and contain
multiple jet fuel cuts.

Twenty-two miscellane ;us crude assays were obtained from a large domestic oil
company. Not all of these were usable for this study. Crudes used in this study are
listed in Table 4.1.
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Table 4.1

Crude Assays Used in Study

Domestic Crudes

I Prudehoe Bay, Alaska (North Slope)
2 East Wilmington, California (Long Beach Area)
3 Midway Sunset, California (San Joaquin Valley)
4 Ventura, California
5 West Delta Block, Louisiana (Offshore)
6 Rocky Mountain Sour
7 Hawkins Mix, Texas (District 06)
8 East Texas
9 West Texas

Forei n Crudes
Mideast

I Arabian Light
2 Ardishir, Iran
3 Basrah, Iraqa

4 Basrah, Iraq
5 Dubai
6 Iranian Light
7 Kafji, Neutral Zone
8 Kirkuk, Iraq

9 Kuwait
10 Murban, Abu Dhabi
11 Oman
12 Rostam, Iran

African

13 Brega, Libya
14 Brut Mandji, Gabon
15 Es Sider, Libya
16 Hassi Messaoud, Algeria
17 Nigerian Light
18 Zueitina, Libya

South America

19 Tia Juana Medium, Venezuela

Southeast Asia

20 Seria, Indonesia
Sumatran Liaht, Indonos~a

L Tapis #3, Malaysia

Nor tn tx
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SECTION 5. DEVELOPMENT OF TURBINE FUEL YIELDS

Having crude assay data, the first requirement was to determine how well smoke point
and freezing point correlate with cut points. Figures 5.1, 5.2, 5.3, and 5.4 are
plots of these data for various middle Eastern and African crudes. Freezing Point and
Smoke points are different for each crude due to the variation in the composition of
crude. Freezing points plot as reasonably straight lines for most crudes although the
slopes are different. Smoke points appear to be more erratic, but one must remember
that the smoke point test is not perfectly reproducable and that smoke points are
reported to the nearest whole number (i.e.: 20 or 21, not 21.5). Therefore, one
cannot expect the data to plot perfectly linearly.

A number of steps are involved in developing turbine fuel yields from a crude assay to
match specific freezing point or smoke point specifications. The remainder of this
section will attempt to walk the reader through the procedure for determining freezing
point limits. The same procedure would be used for smoke point. A Kuwait crude assay
is used to illustrate the procedures.

The turbine fuel cuts obtained from the Kuwait crude assay are tabulated in Table
5.1. The cuts are listed according to "true boiling point" (TBP) initial and final
cut points. Yields, smoke points and freezing points are shown for each cut.

Ten cuts are listed in the Kuwait assay. Five cuts have a common 302OF initial
boiling point (IBP) with various final boiling points (FBP). The other five cuts have
IBP's which match FBP's of the 302OF IBP cuts.

The freezing point data for Kuwait crude (as given in Table 5.1) is first plotted
against initial boiling point with parameters of FBP. (For some crudes, it is more
convenient to plot against FBP with parameters of IBP). These curves are shown in
Figure 5.5.

Next, lines of constant freezing point are drawn on the graph for -40, -58, and
-720F, to represent the various present and proposed freezing point limits. Initial
boiling points are read for the intersection of the constant FBP lines and the
constant freezing point lines.

Utilizing the IBP's and FBP's obtained above for each freezing point, curves of
constant freezing point are plotted using FBP on the abcissa and IBP on the ordinate
as shown in Figure 5.6. This curve allows one to determine the limiting FBP for any
given IBP (or vice versa) for each of the three freezing points used in the study.

The six large dots on Figure 5.6 indicate the combination of IBP and FBP that satisfy
either freezing point or FBP limits for the JP-4 and JP-8 fuels. The two dots labeled
JP-4 (PRESENT) represent present specifications for JP-4 with either lO0OF or
140OF IBP. The 140OF IBP JP-4 (PRESENT) is limited by both the -720F freezing
point curve and the 518OF FBP limit. The 100OF IBP JP-4 (PRESENT) is limited by
the 518 0F FBP limit but not the freezing point.

Proposed specification JP-4 fuels (both 100OF and 140OF IBP) are limited by the
543 0F (MAX) FBP specification, but not in the -580F freezing point
specifications. These are represented by the large dots labeled JP-4 (Proposed).

30



C;

_______~~~~ .___ .___ .___ CD_

____ __ ____ _ _ ____ __ ____ ___ ___ ___ __

LLLJ

LOJ

L- CO LA-

z
* 6-

LLI~ C

oc

...... ......

0a C
w -

i 3 LNU N13W

______ _____ ___________31



0.

CC o
LI

Cr)r
- - - - - - - - - - - --co ~

LIAm
cc. OD i.

LLU

= o

Lo - - - 0-
Z

zz
o - - - __

a-

-J-

ILU

-M f_ -

LL. C;

13flJ ir 39 INI~d 3MOWS

32



- --

Ma

vrLIr )r~TT,--rTa~ r1rn-rrTTT Tr

CD

0) U)Q

U-~ C

u. (D z
LLJ o

z

CL a:

z .

Lii

LJ -0

-

CO

LLL~~~~ L..... .. "' ' L L L 44 **'* W JJ J

In L, Tn 7

33



I UI,

_ _)

0;
n,

Lbn

-~ _ _ r

a: 1~~a:
aau

CD M

CE LL.
u0

o -

00

LL--J

uru

LaJ ~ Li..

0 __

(Aw
- - -; - -

LiiA 3 N~dR W

I-4



Table 5.1

KUWAIT CRUDE ASSAY
(Selected Turb-ine FTuel Data)

TBP CUT YIELD CUT SMOKE POINT, FREEZING
POINT, OF a RANGE, VOL MM______ POINT, OF

302-347 19.9-23.8 30
302-401 19.9-28.4 28 -65
302-455 19.9-33.2 26 -52
302-509 19 .9-37 .9 24 -39
302-536 19.9-40.4 24 -33

347-401 23.8-28.4 26 -54
401-455 28.4-33.2 23 -30
455-509 33.2-37.9 21 -5

374-536 26.2-40.4 22 -16
509-536 37.9-40.4 20 +11

a IBP to FBP.
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JP-8 under present specifications is limited by the -58OF freezing point to a FBP of
4300F. JP-8 under proposed specifications is limited to 505OF FBP by the -40OF
freezing point specification. Maximum FBP's allowable under present and proposed
specifications would be 5720F and 597 0F, respectively.

Figure 5.7 displays the smoke point curves for Kuwait jet fuels. Since the smoke
points are above 20 mmn for any cut below 300OF IBP, smoke point is not a limit for
Kuwait turbine fuels. For crudes where smoke point is limiting, the same procedure
was used as described above for freezing point.

A portion of the Kuwait crude true boiling point (TBP) curve is given in Figure 5.8.
Shown superimposed on the TBP curve are the cut points which satisfy the freezing
point and IBP cuts for JP-4 and JP-8 as used in this study. These are the cut points
indicated on Figure 5.6. The yields from a barrel of crude for each cut are then read
off the TBP curve. Take the present specification JP-4 for example: A 1000F cut is
4.9% of the crude and a 518OF cut is 38.7% of the crude, hence a 100-518OF JP-4
cut is the difference between those yields, or 33.8 vol% of the crude.

Table 5.2 displays the various volume percent yields for JP-4 and JP-8 obtained from
Figure 5.8. Also shown are the yield increases for changing from present
specifications to proposed specifications.

Increases from present yields to present and proposed specifications are also ciiven
for JP-4. However, these results are probably not meaningful because often the
physical equipment and/or market requirements will not allow a given refiner to
produce right up to the theoretical maximum yield of jet fuel from a given crude, or
blend of crudes. Therefore, only the comparison of proposed specs. to present specs.
are considered meaningful.

It should be mentioned here that seldom does a refinery run a single crude through a
crude distillation unit to obtain the turbine fuel yields as described above. In most
cases, several crudes are blended together due to equipment limitations. If one of
the crudes is limiting due to smoke point or freezing point, a lighter FBP cut may be
taken. The incremental volume available for turbine fuel from the remaining crudes
would be lost to a heavier product.

In some cases, smoke point limiting turbine fuels are hydrotreated. This will change
the theoretical yields of turbine fuel from crude. Also, a portion of the turbine
fuel is the result of cracking heavier fuels, such as gas oils. However, the results
of this study should be a good indication of the percentage increase in turbine fuel
yield. which would result from the proposed specification changes.

38



_____ a
.. ... .... ... .... .... ... .... ... ... .... . .. ... .... .. ... .. ... .. .. ... .. .. .. .. ... . ..... ... ..1 ... .. .. .. ... .. .... . a
.............. ........ ........ .......... -- ........I...... ................ ........ ....... ......... .... ... .. -............. .... .... ..I .

........ ........ .... ... ..........- 1 ......... ..... .. ...... ...... .. ....I. ............................ ... .... ............ .. ...........-. 1
.... ... ......... . ..............-...... .. ... . .. ........ .. ..... ........ .. ... ... .... ..... .. .............. .

z

IL 0
....... ........ .......... ................ .................... . ... . ....... ...-

L O... .. ... .. ... ... .. ... .. .... .... . .. ... ... .. ..... .. ... ... ..I.. .... ... ... .-.. ... ... I. .. ... .. ... .. .. .. ... .
z' ~

...... ................ ............. ....... ... ............ ... ....................... ....... . . . .... .... ........-..........................

Z ~ I7
.. .....-. .... . ............. ... ......... .................................... ..... ..... ... ..... ... ....................

do-

An C

zI LLJ

-I-

i;. .. .. .. .... ............ ... .. . ... ... ... ... ..... . .I ..... .... ... ... .. .. .. ...

.. .. ... .. .. . .. .... ... .. .... . ... ... .. ....-.. .

ccZ
m n ..... ... ... .. ...... ... ... ... .. . .. ................. '...........-................ .

id .

0 ~ ~ ~ ~ ~ 4 ........ ... ...... .................. ............. ............ ......L.... ........ .... ...... ....... ........

X l39



Table 5.2

JP-4 YIELDS FOR KUWAIT CRUDE

YIELDS, Vol % of Crude 100 OF IBP 140 OF IBP

IBP-450OF Cut Point (Present Yields) 27.9 25.4
IBP-518OF Cut Point (Present Specs) 33.8 31.3
IBP-543°F Cut PPint (Proposed Specs) 36.1 33.6

INCREASE IN YIELDS, %

Proposed Specs vs Present Specs 6.8 7.3
Present Specs vs Present Yields 21.1 23.2
Proposed Specs vs Present Yields 29.4 32.3

JP-8 YIELDS FOR KUWAIT CRUDE

VOL %
YIELDS CRUDE

300-430°F Cut (Present Specs) 11.3
300-505OF Cut (Proposed Specs) 18.0

INCREASE IN YIELD, % 59.3
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SECTION 6. DEVELOPMENT OF HYDROGEN CONTENTS

Hydrogen content of turbine fuel cuts is not reported in crude assays. In order to
determine the effect of jet fuel specification changes on hydrogen content, the
hydrogen content of each cut had to be calculated.

ASTM D-3343 presents the following equation for hydrogen content of typical turbine
fuels:

WT% H2 = 0.06317 (API) - 0.041089 (AROM)
+0.000072135 (AROM) (ABP) + 0.00005684 (API) (ABP)
-0.0004960 (API) (AROM) + 10.56

Where: API = gravity, OAPI
AROM = volume percent aromatics
ABP = volume averaqe boiling point

This equation was developed for typical wide-boiling turbine fuels, not for narrow
cuts. It was used in this study because there was no other alternative. It is
realized that the hydrogen contents calculated for these narrow cuts may be in error,
but we were looking for changes in hydrogen, not absolute values.

Seven crudes were selected for hydrogen content determination:

1) Arabian Light
2) Iranian Light
3) Zueitina, Libya
4) Nigerian Light
5) West Texas Sour
6) West Delta Block, Louisiana
7) Wilmington East, California

Tables 6.1 - 6.7 contain the raw data and the calculated hydrogen contents of each cut
for the seven crudes. (Although hydrogen contents are normally reported to two
decimal places, these are shown to four decimal places. This does not signify
accuracy but was used only for calculation purposes.) These calculated hydrogen
contents were then plotted against cut FBP and/or IBP in a manner similar to that
described in Section 5 to obtain the plots show in Figures 6.1 - 6.7. From these
curves, the predicted hydrogen contents could be obtained for each FBP developed in
Section 5. (Actually, the equations of the curves were used to obtain the hydrogen
contents to three decimal places.)
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TABLE 6.1

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

ARABIAN LT CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

302-347 52.0 325. 22.1 13.8455
302-401 50.2 352. 22.6 13.8180
302-455 48.4 379. 22.2 13.8219
302-509 46.3 406. 22.1 13.7849
302-536 45.3 420. 22.4 13.7580
347-401 48.7 374. 23.0 13.7915
374-536 43.1 456. 22.2 13.7432
401-455 45.1 428. 21.5 13.8056
401-509 43.2 456. 21.8 13.7629
455-509 41.7 491. 22.0 13.7386
509-536 38.6 523. 24.0 13.6056

TABLE 6.2

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

IRANIAN LT CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

302-347 51.1 324. 17.9 13.9582
302-401 49.0 353. 20.1 13.8359
302-455 46.9 381. 20.7 13.7752
302-509 44.9 408. 22.6 13.6703
302-536 44.0 420. 23.1 13.6364
347-401 47.3 375. 22.0 13.7312
374-536 41.5 455. 25.0 13.5335
401-455 43.4 429. 21.7 13.6726
455-509 39.6 433. 27.6 13.4342
509-536 36.7 522. 27.4 13.3744
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TABLE 6.3

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

ZUEITINA (LIBYAN) CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

320-356 51.1 355. 13.2 14.2802
356-428 46.8 405. 12.4 14.1586
428-482 43.0 474. 12.6 14.0792
320-482 46.7 415. 12.6 14.1792

TABLE 6.4

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

NIGERIAN LT CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

300-500 39.8 410. 19.0 13.4078
375-480 37.7 435. 21.2 13.2714
375-530 36.1 464. 25.2 13.1493

TABLE 6.5

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

WEST TEXAS SOUR CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

302-401 46.0 354. 19.5 13.6432
302-455 43.9 381. 21.2 13.5338
302-509 42.0 404. 24.4 13.3778
374-482 40.0 427. 25.3 13.2954
374-536 38.1 482. 30.1 13.2516
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TABLE 6.6

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

LOUISIANA CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT %

175-300 57.1 250. 4.8 14.7318
250-375 47.8 320. 9.5 14.0527
300-500 38.5 430. 18.0 13.4080
375-480 37.3 436. 17.9 13.3369
375-530 35.8 467. 23.2 13.1881

TABLE 6.7

CALCULATED WT % HYROGEN CONTENT OF JET FUELS
USING API CORRELATION D-3343

WILMINGTON EAST CRUDE

CUT POINT GRAVITY AVE BP AROMATICS CALCULATED
DEG F DEG API DEG F VOL % H2, WT

175-300 54.6 242. 3.9 14.5623 V
250-375 46.4 323. 8.7 13.9880
300-500 37.7 421. 20.9 13.2288
375-480 35.9 434. 22.7 13.0871
375-530 34.1 462. 24.1 12.8915
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SECTION 7. AVERAGING CALCULATED RESULTS

A. Yield Change Data

The Department of Energy publishes a monthly petroleum statement entitled "Energy Data
Reports". The July, 1978 report (published November, 1978) was used as a source basis
for averaging the calculated results of this study. The July, 1978 report contains
the production of crude petroleum in the U. S. by state and PAD district on page 7 and
the imports of foreign crude oil by country of origin on page 17. The cumulative data
for January-July (inclusive), 1978 was used.

Results for crudes from a single country were arithmetically averaged before including
in the final averaging. / 

Table 7.1 contains all of the results by individual domestic crudes and by foreign
countries. The first column contains the actual January through July, 1978 crude
volume in 1000 barrels. For domestic crudes, this represents 62.7% of the total U. S.
production during that period. For foreign crude, it represents 90.1% of the total
imported. The gross assumption was made that the crude shown would represent the
total area of its origin.

In column 2, the total barrels represented are given as volume percent prorated so
that total domestic and total foreign each add up to 100%.

Domestic and foreign data results are then averaged on the basis of their respective
volume percent of total domestic or foreign crude usage.

During this seven month period, domestic crude accounted for 58.357% of total U. S.
crude usage. At the bottom of Table 7.1, domestic and foreign results are averaged on
the basis of total domestic and foreign crude used.

Six columns of data are given for JP-4 as indicated by the headings of Table 7.1 and
as discussed previously. The first two columns are probably the most meaningful as
they compare the theoretical change from present to proposed specifications.

The volume average yield increase for JP-8 is 61.65%. However, data for Louisiana
crude and West T xas crude appear to be out of line with the other data. If we throw
these two data points out, the average becomes 40.72%.

A list of the product specification which was limiting on each crude for each turbine
fuel considered is given in Table 7.2. JP-4 is not broken down to 1000F and 140OF
IBP since this had no effect on specification limitations in this study.

Note that FOP of the cut was the predominant limiting specification for JP-4 (84% of
all crudes examined). Freezing point was the limiting factor in JP-8 fuel for about
90% of the imported crudes while smoke point was limiting for JP-8 in 66% of the
domestic crudes evaluated.

B. Hydrogen Content Data

Table 7.3 contains the hydrogen content results for the seven crudes selected for this
portion of the study as discussed in Section 6. Column one gives the total barrels of
crude and Column two contains the volume percent prorated to 100% for these seven
crudes. The bottom row contains the averages of the data for the seven crudes.
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TABLE 7.2

LIMITING SPECIFICATION TO TURBINE FUEL CUT
(CRUDES LISTED BY FIELD NAME)

JP-4 JP-
Domestic Crudes PRESENT PROPOSED PRESENT PROPOSED

Prudhoe Bay, AK FBP FBP SMK PT SMK PT
Wilmington East, CA SMK PT SMK PT SMK PT SMK PT
Ventura, CA FBP FBP SMK PT SMK PT
Midway Sunset, CA SMK PT SMK PT SMK PT SMK PT
West Delta Block, LA FBP FBP SMK PT SMK PT
Hawkins Mix, TX FBP FBP FRZ PT FRZ PT
East Texas, TX FBP FBP FRZ PT FBP
West Texas Sour, TX FBP FBP SMK PT SMK PT
Rocky Mtn Sour, WY FBP FBP FRZ PT FRZ PT

Domestic Crudes Limited by:
Final Boiling Point 7 7 0 1
Freezing Point 0 0 3 ?
Smoke Point 2 2 6 6

Total 9 9 9 9

Imported Crudes
Arabian Lt FBP FBP FRZ PT FRZ PT
Iranian Lt FBP FBP FRZ PT FRZ PT
Khafji FRZ PT FRZ PT FRZ PT FRZ PT
Kuwait FBP FBP FRZ PT FRZ PT
Murban FBP FBP FRZ PT FRZ PT
Kirkuk FBP FBP FRZ PT FRZ PT
Brega FBP FBP FRZ PT FR? PT
Dubai FBP FBP FRZ Pl FBP
Basrah FBP FBP FRZ PT FRZ PT
Ardeshir FBP FBP FRZ PT FRZ PT
Oman FBP FBP FRZ PT FR7 PT
Rostam FBP FBP FRZ PT FRZ PT
Brut Mandji FBP FBP FRZ PT FRZ PT
Hassi-Messaoud FBP FBP FRZ PT FRZ PT
Es Sider FBP FBP FRZ PT FRZ PT
Nigerian Lt FBP FBP FRZ PT FRZ PT
Tia Juana Med FRZ PT FBP FRZ PT FR? PT
Pembina FBP FBP FBP FRZ PT
Tapis FBP FBP FRT PT FR? PT
Seria FBP SMK PT 94K PT SMK PT
Sumatra Lt FRZ PT FR? PT FRZ PT FR7 PT
Piper FBP FBP FRZ PT FBP

Imported Crudes Limited by:
Final Boiling Point 20 20 1 2
Freezing Point 3 2 21 20
Smoke Point 0 1 1 1

Total 23 23 23 ?3
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Table 7.3

Change in Hydrogen Content of Jet Fuel

JP-4 Fuel

IBP of Fuel, OF 100 140

Proposed Specifications 13.972 13.868
Present Specifications 14.022 13.913

Change -0.050 -0.045

(-0.36%) (-0.32%)

Proposed Specifications 13.972 13.868
Present Yields 14.212 14.112

Change -0.240 -0.244

(-1.7%) (-1.7%)

Present Specifications 14.022 13.913
Present Yields 14.212 14.112

Change -0.190 -0.199

(-1.3%) (-1.4%)

JP-8 Fuel

Proposed Specifications 13.532
Present Specifications 13.703

Change -0.171

(-1.2%)

Table 7.4 shows the effect the changes in specifications would have on hydrogen
contents of JP-4 and JP-8. Since these hydrogen contents were calculated from
physical property data rather than being measured, the absolute values are not
reliable. However, the percent changes due to specification changes are probably
reasonable.

Hydrogen content changes range form -0.32% to -1.7% for JP-4 and is -1.2% for JP-8.
These are percent changes in hydrogen content not differences, so one can see that the
proposed change in specifications would have almost no effect on hydrogen content of
the turbine fuels.
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SECTION 8. DEVELOPMENT OF COSTS

Some years ago, when crude supply and refining capacity exceeded demand, it was often
said that the "incremental barrel" cost very little more to produce than the normal
product demand. This "incremental barrel" product would be sold to cut-rate outlets
which often produced "gas-war" pricing.

The idea might occur that increasing end-point on aviation turbine fuels slightly and
thereby increasing volume incrementally would have the same pricing effect as the
"incremental barrel" of the Fifties. In today's environment, this is not true because
demand exceeds supply. As a nation, we are crude-short anid refining capacity is
strained to the limit.

Two factors restricting refining capacity are:

1) Environmental pressure comibined with strict EPA regulations make it very
difficult and costly to build a new refinery today.

2) New refineries and even new units in existing refineries are harder to justify
due to current projections indicating a downturn in gasoline demand over the
next decade. Also, it may not be possible to locate assured crude supplies for
a new refinery today.

Increased turbine fuel supply must be purchased, therefore, at the expense of
decreased gasoline, diesel, or heating oil supply.

The Monthly Energy Review published monthly by the Department of Energy contains
retail and wholesale prices on aviation turbine fuels, heating oil, and diesel.
Figures 8.1-8.4 display the wholesale prices of naphtha-type jet fuel, kerosene type
jet fuel, heating oil, and diesel, respectively for July 1975 through November 1978.

Prices for the four years (1975-1978) are plotted along with the least-mean-squares
linear regression curve. Variations in price appear to be cyclical with respect to
seasons, so prices for December 31, 1978 were calculated for each fuel using the
equations of the LMS lines. These prices are given below:

Fuel Wholesale Price, 0/gal
JTF-_438.92

JP-8 40.86
Heating Oil 38.87
Diesel 4? .50

The low and high turbine fuel yield increases reported earlier in Section 7 are as
follows:

Yield Increase, Vol %
ow H

JP -4 71T49 90
JP-8 40.72615
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if we assume that the volume increase in turbine fuel will be composed of either
* diesel fuel or heating oil, and utilizing the wholesale prices listed above, the
* following price changes have been calculated:

Prce CgeQl
Using Diese Pices Lw l-

JP-8 0.67 1.01

Using Heating Oil Prices
JP-4 0.0 0.0
JP-8 -0.81 -1.23

On a percentage basis, these price changes amount to a maximum fluctuation of zero to
+0.8 percent for JP-4 and -3.0 to +2.5 percent for JP-8.

Thus, it appears that a significant increase in turbine fuels could be realized if the
specifications for JP-4 and JP-8 were relaxed as proposed for essentially no change in
turbine fuel price. However, fuel prices are not constant. The new and growing demand
for automotive diesel fuel for the private sector plus the current shortfall of diesel
fuel for the trucking industry could cause middle distillate fuel prices to rise faster
than other petroleum products.

The development of this study occurred prior to the publication by DOE of fuel prices
for 1979 and prior to much of the middle east conflicts. The product prices analyzed
above were taken during a time of relative price stability. The fuel prices published
by DOE for 1979 show such a rapid escalation that they cannot be used to predict
relative prices between products. Figures 8.5-8.8 display the prices the same as
Figures 8.1-8.4 except that they are extended to November 1979.

It was suggested that if crude price fluctuation were removed from product prices, the
product prices might show less scatter. Figure 8.9-8.12 display the differential
price bewteen the four products and average crude prices published by DOE. However,
this exercise only increased the scatter. This may be due to the time lag of several
months between crude purchases and product sales, and/or the limited population source
of DOE's published price data.

Further, the market situation in 1979-1980 has restricted the number of bidders for
military jet fuel contracts.

Several factors which could influence turbine fuel availability, costs, and bidding
activity are seasonal markets, unleaded gasoline, conversion of power plants to coal,
transportation situations, refinery equipment, and perhaps overly restrictive
specifications on military turbine fuel (these factors are not meant to be listed in
order of economic importance).

Extending endpoint specifications on turbine fuel could cause undue competition with
diesel fuel for blending stocks, especially in the winter diesel market. Some refiners
may need these stocks to lower the pour point of winter diesel.
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The EPA mandated switch to unleaded gasoline has also resulted in a shortage of JP-4
type blending stocks. The reduction of lead in gasoline requires blending stocks with
higher octanes than previously required. This has been accomplished by increasing the
severity of the motor reformer operations, for the most part. Increasing reformer
severity decreases reformer product yield. With tight supplies, low octane naphtha
stocks which were formerly sent to JP-4 blending are now being sent to reformer units
to make up for the loss in product yield due to the high severity operation.

Conversion of electric power plants to coal could increase distillate fuel supplies by
releasing residual fuel oil now being burned. Most residual oil would be processed in
delayed coking units, although there are a few Fluid Catalytic Cracking units which
are being converted to residual feed processing. The liquid products for either of
these units are unsuitable for blending into turbine fuel directly due to the olefin
content, but they are potential feedstocks after hydrotreating. Not all refineries
could handle such stocks and in many cases new equipment would be required for turbine
fuel production. It must be emphasized that the effect due to coal conversion is long
term and would have negligible immediate benefits.

As available crudes become heavier and higher in sulfur content, new refining equipment
will be required. Small refineries who cannot afford such equipment will be forced to
drop out of the turbine fuel market. Large refineries find it increasingly difficult
to add new equipment due to environmental regulations and tight money supplies.
Certainly, higher turbine fuel prices would be required to justify additional
investments. Equipment required may range from naphtha desulfurizers to expensive
turbine fuel aromatic saturation units.

One incentive toward inducing refineries to bid more on military turbine fuel would be
to review the specifications and relax procedures. Turbine fuel destined for the
commercial market may be shipped once the product tank meets specificatons. A well
mixed tank is sampled via side wall sample taps. Military procedures require multiple
grab samples from the tank roof and retesting at each stage of shipment. Often much
of the product is returned to the slops tank until pipelines are completely cleared.
Clearly, it has become more costly to produce military turbine fuel than commercial
turbine fuel.

One of the most severe specifications to meet is the water separation index, modified
(WSIM). The problem with this test is that a corrosion inhibitor and an anti-static
additive must be added to the fuel. Both additives are imcompatible with the WSWM
test. Thus, the WSIM of a product may be reduced from 90 to 40 or even 20 by the
addition of the additives.

The WSIM of the final product may be brought up to spec with multiple water washings,
but one would speculate that the water washings may remove the additives!

Thus, some refinery personnel prefer to not have to make military turbine fuel due to
the costly procedures, small volume, and low price.
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SECTION 9. RELATED STUDIES

We have reviewed several studies related to the increased production of turbine fuel
which have been reported in the last few years. Three are discussed below: An Exxon
Study sponsored by ASTM, an Amoco Study presented at SAE, and a NASA Study. We have
also briefly looked at the impact of the diesel automobile on the demand for diesel
and turbine fuel.

Exxon Study

An ASTM sponsored study of jet fuel yield versus flash point was reported by E. R.
Wieland and W. G. Dukek of Exxon Research and Engineering Ccompany at the December 6,
1977 ASTM symiposium, Dallas, Texas. Exxon has a computer program which simulates a
crude oil distillation unit with up to fifteen crudes in the feed. The Exxon model
predicts yields and physical properties of the various cuts produced.

Three cases were analyzed: a typical European refinery with a predominance of
mid-Eastern crudes, a typical U.S. Gulf Coast refinery operating on a mixture of
domestic and imported crudes, and a refinery running predominately Alaska North Slope
crude.

The study was concerned with Jet A and Jet A-i only. Concurrently, as the IBP was
lowered to lower flash point, the FBP was raised to maintain freezing point and
maximize volume produced. Smoke point, aromatics content, viscosity, and sulfur
content were predicted for the various cuts.

One point they made, bears repeating. A refinery crude distillation unit will not
produce as sharply a fractionated sidestream as one gets from a laboratory TBP
distillation. Exxon applies a correction factor in their computer program for both
front and back end volatility calculations to acccount for this variability. They
point out that this correction can have a significant effect on the attainable flash
and freezing points.

Results from Table 4 of their paper show that a 45.9 percent increase in jet fuel
yield would theoretically result from a change in freezing point from -58OF to
-40OF at a constant flash point of 1000F (Gulf Coast Refinery case). This yield
increase corresponds to the yield increase of 40.7 percent for JP-8 given on paae A-IR
of this report.

Another point made in the Exxon paper is that many refineries do not segregate No. I
fuel from jet fuel in product tankage. This reduces the opportunities to provide
additional yield due to a specification change in one of the products. They also
pointed out that the competing deman0s for "middle of the barrel" in many non-aviation
applications make it unlikely that additional jet fuel volume will result from
proposed specification changes.

Amoco Study

An economic study of producing motor diesel fuel rather than gasoline based on a
linear programming model of a typical U.S. refinery was given at the September 1977
SAE meeting by T. 0. Wagner of Amoco Oil Company. He found that at a constant volume
of gasoline plus diesel, diesel fuel output could be increased from the present
typical of 5 percent of crude to about 30 percent with no qreat change in processing
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equipment. However, more crude is required as diesel volume is increased because
diesel is heavier than gasoline. Also, in order to maintain company earnings, the
diesel price would have to rise dramatically in relation to the gasoline price as the
market emphasis is shifted from gasoline to diesel. Thus, increasing jet fuel volume
by adding diesel type components will raise the cost of jet fuel relative to diesel.

NASA Study

In the NASA study, Francisco J. Flores of the NASA Lewis Research Center has used the
Gordian Associates, Inc. Refinery Simulation model to predict jet fuel yields from two
refinery types, one an East Coast refinery processing a 50/50 blend of Murban and
Louisiana Delta crudes and the other a West Coast refinery processing a 50/50 mix of
Alaska North Slope and Wilmington crudes.

The crude assay data stored in the Gordian model contain only five distillate cuts,
light and heavy gasoline, light and heavy kerosene, and vacuum gas oil. Freeze point
and smoke point data are given only for light and heavy kerosene (heavy kerosene is
really a 525-650OF diesel cut). Manufactured keorsene cuts from fluid catalytic
cracking and gas oil hydrocracking were added in the East Coast refinery case and
hydrotreated kerosene was added in the West Coast refinery case. Therefore, freezing
points and smoke points of jet fuel blending components were estimated and blended by
generalized correlations. This means that the results are only good for suggesting
trends and should not be used as an accurate yardstick for comparison.

From their Figures 9 and 10 which are of jet fuel yield versus final boiling point and
freezing point, it appears that the Gordian model, with the constraints used in their
study, could produce almost no jet fuel meeting current freezing point of -58OF
(-50 0C).

Impact of the Diesel Powered
Automobile on Turbine Fuel

Figures 9.1-9.4 contain statistical data used to determine the approximate
relationship of the private diesel automobiles to military aviation turbine fuel.
General Motors is the only domestic manufacturer currently producing diesel powered
automobiles. Figure 9.1 shows an extrapolation of GM's total passenger car output to
1983. The data for 1975-1978 was obtained from The World Almanac & Book of Facts,
1979 (Newspaper Enterprise Assoc, Inc., N.Y.). The GM diesel output was presented by
GM president E. M. Estes at the 1979 Stockholders meeting in Detroit (Automotive News,
p 55, June 4, 1979).

Figure 9.2 presents similar data for imported cars. Figure 9.3 shows the total number
of cars in use in the U.S.A. Data for Figure 9.2 and 9.3 were obtained from
Statistical Abstract of the United States, 1978 (U.S. Dept. of Commerce).

Utilizing the data from the three figures plus the estimates shown for percent of
model year still in use in 1983, the total number of diesel cars in use in 1983 is
estimated to be 3.1 million. This is 2.8 percent of total cars predicted in use in
1983 (112 million).

Assuming that diesel cars are driven 15,000 miles per year at 2? mpg, they would
consume 50 million bbl/yr of diesel fuel in 1983. An extrapolation of distillate fuel
oil production to 1983 as given in Figure 4.2 projects total distillate fuel oil to be
1,400 million bbl/yr. Thus, passenger car diesel consumption will be about 3.6
percent of total distillate fuel oil production in 1983.
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Figure 9.4 contains the domestic demand for naphtha type turbine fuel. A smooth curve
extrapolation projects 71 million bbl/yr in 1983. Assuming that naphtha type turbine
fuel is virtually all for the military, the automotive diesel fuel demand in 1983 will
be 70 percent of the military turbine fuel demand.

This study projects a proposed increase of 9 percent of JP-4 under proposed
specification changes. This would amount to about 6.4 million bbl/yr in 1983 of
diesel type components. The projected automotive diesel demand in 1983 would be eight
times the projected use of diesel in JP-4 in 1983.

Thus, automotive diesel demand will be small in 1983 compared to total distillate fuel
oil produced, but very large compared to diesel fuel type components which would be
used in JP-4 under the proposed specification changes.
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SECTION 10. SUGGESTED AREAS OF FUTURE STUDY

Two fundamental areas of this study should be improved if the Air Force decides that
the study results are significantly interesting and warrant further study. Both of
these proposals would be much more costly than the present study.

DATA BASE IMPROVEMENT

The first area of improvement would be to verify and improve the data base. Many of
the crude assays used in the study are twenty years old. While crude oil from a given
field does not change greatly over a long period of time, the outputs from different
oil fields change as old wells are depleted and new ones brought into production.
Thus, the data could be improved by analyzing turbine fuel yields from fresh crude
samples. Also, more U. S. Crudes should be obtained to balance the study.

In addition, with the knowledge of the results of the present study, the required
turbine fuel cuts could be made which would give much better final results. Physical
properties of interest to the engine and airframe portions of the study could be
obtained from the turbine fuel samples in addition to the properties normally
obtained. These properties would include hydrogen content, low temperature viscosity, [
naphthalenes content, etc.

TURBINE FUEL SOURCES '
The second area of potential refinement of the study would be to more accurately
determine from which combinations of crudes that turbine fuels actually come. This is
more subjective than the proposed laboratory study. A consulting firm could poll the
industry to determine present and/or future sources of turbine fuel on a
refinery-to-refinery basis.

These results would allow a more accurate averaging of yield increases and property
changes. Such a mass of data could be accumulated that the use of computers would
probably be required to complete the study results.

TEST FUEL SUPPLIES

An additional program could be added to the fuel supplies participant of any future
study of turbine fuel specifications relaxation. This would be the supplying of
actual turbine fuel meting proposed specifications for engine and airframe testing.
Production of such a test fuel could be obtained from traditional Air Force suppliers
by bid invitations. This would likely be the most economical route to purchasing
large volumes of test fuel.
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ABSTRACT

A program was conducted to assess the impact of several proposed relaxations ofJP)-4 and
JP-8 fuel specifications on the performance and durability of gas turbine engines used in UISAF
aircraft. The proposed relaxations are concerned with specifications for final boiling point, freeze
point, and smoke point. The effect of changes in these specified properties on other fuel
properties, including fuel hydrogen content, aromatic content, viscosity specific gravity.
volatility, heat of combustion, and thermal stability was estimated. The impact of the proposed ,
relaxations of JP-4 and JP-8 specifications on TF30, J57. and FIOO engine performance was
qualitatively discussed using available data in the literature. Thermal analyses were performed
to determine the effect of the proposed specification relaxations on combustor liner and tlurhine
airfoil temperatures for two USAF engines: the J57 and the FIO0. Results of these analyses were
used to predict the corresponding impact on combustor and turbine life.

81



TABLE OF CONTENTS

Section Page

I INTRODUCTION.................................................................. 93

Problem Definition ................................................................. 93
Background and Overall Approach ................................................ 93
Phase I Scope and Overview....................................................... 94

11 FUEL CHARACTERIZATION AND INTERPROPERTY CORRELATIONS 95

Hydrogen Content.................................................................. 96
Aromatic Content .................................................................. 97
Distillation Characteristics ........................................................ 98
Viscosity............................................................................ 106
Specific Gravity ................................................................. 108
Volatility............................................... ............................ 109
Heat of Combustion ............................................................... 110
Thermal Stability .................................................................. 110

III EFFECT OF FUEL PROPERTIES ON THE OPERATIONAL CHARAC-
TERISTICS OF GAS TURBINE ENGINES........................... 112

Effect of Fuel Properties on Combustor Performance........................... 112
Effect of Fuel Properties on Engine Durability ................................. 145

IV THERMAL ANALYSIS OF F100 AND MATURE (,J57) ENGINES .......... 158

Combustor Thermal Analyses..................................................... 158
Turbine Thermal Analysis......................................................... 177

V COMBUSTOR AND TURBINE LIFE PREDICTIONS........................ 188

Combustor Life Predictions ....................................................... 188
Turbine Life Predictions........................................................... 192

VI PHASE I SUMMARY AND CONCLUSIONS.............................. .... 194

VII RECOMMENDATIONS .......................................................... 196

REFERENCES .................................................................... 197

84



LIST OF ILLUSTRATIONS

Figure Page

1 Jet Fuel Freeze Point vs Final Boiling Point for Mid-East Crudes ............ 99

2 Jet Fuel Freeze Point vs Final Boiling Point for African and Miscellaneous
Crudes..................................................................... 100

3 Correlation of Freeze Point With Final Boiling Point for Average Jet Fuels 101

4 Correlation of Smoke Point With Final Boiling Point for Average Jet Fuels 102

5 Variation of Hydrogen Content With Aromatics Content ...................... 103

6 Distillation Temperatures of the Base JP-4 Fuel and Specification Limits ... 104

7 Distillation Temperatures of the Base JP-8 Fuel and Specification Limits 104

8 Distillation Characteristics of JP-4 Fuels......................................... 105

9 Correlation of Kinematic Viscosity With Average Distillation Temperature 107

10 Changes in Viscosity Ratio With Changes in Fuel Temperature............... 108

11 Correlation of API Gravity With Average Distillation Temperature........... 109

12 Minimum Ignition Energy vs Quenching Distance Under Low Turbulence 113
Conditions..............................................................

13 Influence of Mainstream Velocity on Minimum Ignition Energy............... 114

14 Logarithmic Plot of Minimum Ignition Energy vs Pressure.................... 114

15 Graphic Plots Illustrating the Influence of Turbulence Intensity on Minimum
Ignition Energy for Propane/Air Mixtures ............................. 115

16 Influence of Turbulence Scale on Minimum Ignition Energy .................. 116

17 Minimum Ignition Energy for Various Hydrocarbons .......................... 116

18 Effect of Viscosity on Droplet Size ............................................... 118

19 Variation of Flow Number With Fuel Viscosity................................. 119

20 Effect of Air/Fuel Ratio Variations on Relative Droplet Size .................. 120

21 Sensitivity of Pressure-Atomizing Nozzle to Changes in Fuel Viscosity ........ 121

22 Sensitivity of Airblast Nozzle to Changes in Fuel Viscosity.................... 121

2.3 Effect of Fuel Volatility on Ignition of a T-63 ConIbuMsTr..................... 122

24 Effect of Atomnization on Ignition................................................. 123

85



LIST OF ILLUSTRATIONS (Continued)

Filgure Pagule

25 Effect of Temperature on the Ignition Energy for Fuel Sprays ...................... 124

26 JP-8 Flight Test - Spooldown Airstarts (EAFB) ......................................... 125

27 FIO-PW-100 Turbofan Engine Nominal Mach Number and Altitude Limit
for W ind m ill A irstart ..................................................................... 12 7

28 Combustion Efficiency vs # for a Disk-Stabilized Combustor (ID,,. 14.6 (1U.
A,. = 167.5 cm1 ) and a T-63 Combustor (D,., 15.2 cm. A,,., 182.1
c m ') .............................................................................................. 12 9

29 Physical and Chemical Control of Combustor Processes ............................... 129

30 Influence of Evaporation Time on Critical Mean Drop Diameter .................. 130

:31 Influence of Pressure on Critical Mean Drop Diameter ................................ 131

.12 Effect of Mass Transfer Number on Combustion Efficiency ......................... 132

33 Correlation of CO Emission Index With Fuel Hydrogen Content at Various
E n gine C ond itions .......................................................................... 13 5

:34 Effect of Hydrocarbon Content of Fuel on Emissions of CO and Unburned
H ydrocarbons at Idle Conditions .................................................... 136

35 Calculated Stoichiometric Equilibrium Temperatures- Fuel and Prodocts in
G aseous P hase ....................................................... ....................... 13 8

:46 Effects of Hydrocarbon Content of Fuel on NO, Emission,; at Takeoff and
C ru ise C on d ition s ......................................................................... 13 8

37 Effects of Kinds of Fuels on Soot Form ation ............................................... 141

38 Vertical Concentration Profiles of Gas Species in a Flame for Different CH,/O.,
Feed R atios ................................................................................ 14 2

39 Soot Formation for Various Pure Hydrocarbons at 570'F Inlet Temperature. 143

40 Effect of Fuel/Air Mixture Preparation on Soot Formation Tsing Kerosene
F u e l .............................................................................................. 14 4

41 Influence of the Type of Fuel on Axial Profile of Soost Mass Loading - Fuel
Equivalence Ratio 1.0, Air Atomizing Pressure 184 kl'a (12 p)sig).
Cold G as Velocity (.96 m /sec ...................................................... 144

42 Effect of Hydrogen Content of Fuel on Smoke Number at Takeoff Condition 146

43 Smoke Emission Dependence on Hydrogen Content .................................. 146

44 Effect of Pressure and Temperature of Exhaust Smoke ................................ 147

86



LIST OF ILLUSTRATIONS (Continued)

Figure Page

45 Predicted Coking Rates of Jet A and ERBS Fuel ......................................... 148

46 Effect of Hydrogen to Carbon Ratio on Flame Radiation ............................. 150

47 Effect of Hydrogen to Carbon Ratio on Exhaust Smoiie ............................... 151

48 Variation in Flame Radiation With Hydrogen Content for Severa Combustors 152

49 Effect of Hydrogen Content of Fuel on Maximum Liner Temperatures at
Cruise and T akeoff' Conditions ....................................................... 155

50 Liner Temperature Correlation for Different Combustor Types ..................... 155

51 Correlation of Annular Burner Creep - LCF Model .................................... 156

52 Effect of Fuel Hydrogen Content on Pattern Factor ..................................... 157

53 Thermal Heat Flux Loads on a Louver-Cooled Combustor liner .................. 159

54 Variation in Flam e Em issivity W ith ji ......................................................... 160

55 ID J57 Louver Temperatures vs Luminosity Factor at SLTO Conditions 162

56 OD J57 Louver Temperatures vs Luminosity Factor at SLTO Conditions ..... 163

57 Radiant Heat Loads Corresponding to Peak ID J57 Louver Temperatures at
S LT O C onditions ........................................................................... 16 4

58 Radiant Heat Loads Corresponding to Peak OD ,157 Lower Temperatures at
S LT O C onditions ........................................................................... 165

59 ID F100 Louver Temperatures vs Luminosity Factor at STO Conditions .... 166

60 OD F100 Louver Temperatures vs Luminosity Factor at SI,T() Conditions... 167

61 Radiant Heat Loads Corresponding to Peak H) F00 Louver Temperat ores at
S L T O C onditions ........................................................................... 16 8

62 Radiant Heat Loads Corresponding to Peak 01) FI Louver Temperatires at
S L T O C ond itions ........................................................................... 16 9

63 ,J57 Com bustor - Cross-Sectional View ...................................................... 170

64 F10) Com bustor - Cross-Sectional View .................................................... 171

65 Relationship of Hydrogen Content and Radiant Energy in a .157 ('ombustor. 172

66 Increase in Average Liner Temperature Resulting fron a ('hange in Fuel
Properties (Corresponding to ('ase 2 ('on dit ions vs Inlet Tempq erat ifre

in a .157 (ombustor ......................................... 174

87



LIST OF ILLUSTRATIONS (Continued)

Figure Page

67 Increase in Average Liner Temperature Resulting from a Change in Fuel
Properties Corresponding to Case 2 Conditions vs Inlet Temperature
in an F100 Combustor...................................................... 175

68 J57 Liner Temperature Parameter at Cruise Condition Compared With the
Blazowski Correlation...................................................... 176

69 Effect of JP-4 Fuel Specification Relaxations on Increase in Average .57
Combustor Liner Temperatures........................................... 178

70 Effect of JP-8 Fuel Specification Relaxations on Increase in Average .57
Combustor Liner Temperatures .......................................... 179

71 Effect of JP-4 Fuel Specification Relaxations on Increase in Average F100
Combustor Liner Temperatures............................................180

72 Effect of JP-8 Fuel Specification Relaxations on Increase in Average Fl0O
Combustor Liner Temperatures .......................................... 181

73 Effect of JP-4 Fuel Specification Relaxations on Increase in Peak J157
Combustor Liner Temperatures............................................182

74 Effect of JP-8 Fuel Specification Relaxations on Increase in Peak J157
Combustor Liner Temperatures............................................ 183

75 Effect of JP-4 Fuel Specification Relaxations on Increase in Peak F100
Combustor Liner Temperatures........................................... 184

76 Effect of JP-8 Fuel Specification Relaxations on Increase in Peak F100
Combustor Liner Temperatures............................................185

77 Linear Location of High Stress Due to Temperature Gradients ................ 188

78 Increase in 6th Louver Temperature Gradient With Luminosity for FIOO
Combustor................................................................... 190

79 Relative LCF Crack Life vs Luminosity Relationship ..... ..................... 190

80 Severe Erosion of Cross-Over Tube Boss in J157 Combustor..................... 191

81 Increase in 9th Louver Temperature Gradient With LuminositY for .157
Combustor................................................................... 191

82 .J57 Burner Estimated LCF Crack Life Ratio vs Luminosity ................... 192

8.3 Cross-Over Tube Boss Estimated Erosion Life Ratio vs LuminositY ........... 193

88



LIST OF TABLES

Table Page

I Proposed Relaxations of JP-4 and JP-8 Fuel Specifications .................... 95

2 .JP-4 and JP-8 Fuel Properties .................................................... 96

3 Effect of Changes in Final Boiling Point on Fuel Smoke Point ................ 103

4 Effect of Proposed Fuel Specification Relaxations on Fuel Hydrogen Content 103

5 Average Distillation Temperatures;................................................ 106

6 Effect of Proposed Fuel Specification Relaxations on Kinetic Viscosity ........ 108

7 Effect of Proposed Fuel Specification Relaxations on API Gravity and Specific
Gravity .................................................................... 109

8 Effect of Proposed Fuel Specification Relaxations on Fuel Volatility (As
Indicated by the 100i 20Cf, and 251( Distillation Temperatures) .... 110

9 Minimum Ignition Energies (MIE) and Quenching Distances (d,,) of' Selected
Hydrocarbons in Air at Atmospheric Pressure ......................... 117

10 Compression Ratio at Idle and SLTO Thrust Settings ......................... 131

11 Combustor Liner Pressure Drop .................................................. 132

12 Engine Combustor Operating Parameters at Idle Conditions .................. 136

1.1 Engine Combustor Operating Conditions at the SLTO Thrust Setting... .... 139

14 Incremental Change in Breakpoint Temperature for Various Changes in Fuel
Composition .............................................................. 147

15 F100(3) Operating Conditions..................................................... 161

16 J157-59W Operating Conditions';................................................... 161

17 Changes in Percent Hydrogen Content and Liner Radiant Heat Load......... 173

18 Effect of Relaxed Fuel Specifications on Luminosity ........................... 173

19 Calculated Liner Temperature Parameters for the F10003 Combustor........ 176

20 Calculated Liner Temperature Parameters for the .157-59W Combustor ....... 176

21 Inlet Guide Vane Heat Loads at SLTO Operating Conditions.. ............... 187

89



NOMENCLATURE

Svrn b,,!

A Aromatic content. percent b' volume
At, Inlet vane projected surtace area. in2
A, Surface area of inlet vanes (pressure sides only). in-
Ar Argon
Ajc: Maximum combustor (ross-sectional area. in'
AMT Accelerated mission test
ato Pressure in atmospheres

BI, Beam length
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C;, Constant pressure specific heat
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exp Exponent
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F l Radiation shape factor from radiating gases to inlet vanes
F, Fuel nozzle flow number
tUa Fuel to air ratio by mass
FBP Final boiling point. IF
F() Fuel oil
t2  Area in square feet

(; API gravity
ugmi/Cm2 hr Coke formation rate
iz;' gGrams per kilogram

if Hydrogen cont en, peiecent bv weight
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Hydrogen to carhi | rati,
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Time in hours

',B Initial boiling point. F
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JFTOT Jet fuel thermal oxidation test

K Constant for fuel nozzle configuration
-K Degrees kelvin, °C + 273
k Kilo (1 x 101)
k Thermal conductivity
kcal/mole Mean activation energy of fuel
kg/sec Flowrate, kilograms per second

L Luminosity
LCC Life-cycle cost
LCF Low-cycle fatigue
LPT Liner temperature parameter
tbma Weight of air, pound mass
tbmf Weight of fuel, pound mass
In Natural logarithm

m Meter
mm Millimeter (1 X 10 1 meters)
um Micrometer (1 X 10 ' meters)
ms Milliseconds (1 X 10 3 sec)
mm Hg Pressure in millimeters of mercury
mj Millijoule
MIE Minimum ignition energy, mj
MPa Pressure in megapascals

N Nitrogen content, percent by weight
N2 High-pressure rotor speed, rpm
N2  Nitrogen
Na Naphthalene content, percent by weight
NiM2 Pressure in Newtons/squaremeter
NO Nitrous oxide
NO, Nitrogen oxides

01 Olefin content, percent by weight
02 Oxygen

P Combustor pressure, psi
psia Pressure in pounds per square in. absolute
psig Pressure in pounds per square in. gage (psia - 14.7)
PIN Combustor inlet pressure, psi
APa Pressure drop across an airblast fuel nozzle

q Radiant heat transfer
Q.,, Lower heating value of carbon monoxide
Q, Convective heat transfer from hot flame gases to louver wall
Q,1, Convective heat transfer from louver wall to shroud air flow
QW, Lower heating value of fuel
QHI Radiative heat transfer from hot flame gases to louver wall
QR2 Radiative heat transfer from louver wall to shroud wall
Q1,1C Lower heating value of unburned hydrocarbons

°R Degrees Rankine. OF + 459.69
RVP Reid vapor pressure
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S'. Laminar flame speed
S Sulfur content, percent by weight
SG Specific gravity of fuel
SG, Specific gravity of base fuel
SP Smoke point of fuel
SP,, Smoke point of base fuel
SLTO Sea level take-off
SMI) Droplet size. Sauter Mean Diameter

T Volume recovery temperature
T.,,, Combustor exit temperature
T. Hot gas or flame temperature
T, Flame or liner wall temperature
T, Combustor, inlet temperature
Tj Inlet vane temperature
T1. Liner temperature
(T,), Average liner temperature with base fuel
T Liner wall temperature
TBP Temperature breakpoint in stability
TMP Trimethalpentane
T Combustor inlet temperature

UHC Unburned hydrocarbons

UC Average distillation temperature

wgt Weight
W. Mass flowrate of air
W1. Mass flowrate of fuel

a Absorptivity of flame
a, Absorptivity of hot gases
1A variable defined by equation 28
ash Stephan-Boltzmann constant, 0.1713 X 10 B/ft2-hr-°R
al Fuel surface tension

Viscosity, centistokes
Vb Viscosity of base fuel, centistokes

Emissivity of hot gases
Emissivitv of inlet vanes (assumed to be 0.8)
Emissivity of liner wall
Combustion efficiency

p Density
p. Density of air
p,, Density of fuel

Combustor loading parameter
p 1× 106

Denotes a change in a variable
Equivalence ratio, fuel-air ratio divided by stoichiometric fuel-air ratio
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SECTION I

INTRODUCTION

PROBLEM DEFINITION

Current specifications for gas turbine fuels were instituted during an era when the
availability of petroleum products was unrestricted, and the costs of fuels constituted a small
percentage of the total life cycle cost (LCC) of aircraft systems. Since the 1973 oil embargo,
however, the supply of petroleum has become increasingly dependent on geopolitical considera-
tions, and per-gallon costs have more than tripled for civilian and military consumers. Fuel
procurements for military usage have actually encountered difficulties in obtaining desired
quantities even though conservation efforts have reduced consumption from 1972 levels. As a
result of these trends, there has been increasing interest in recent years to broaden or relax
current military fuel specifications, with the intent of increasing fuel availability while
potentially reducing fuel costs.

The most significant potential increases in the availability of military jet fuels obtainable
are predicated on the relaxation of the specification requirements for freeze point, final boiling
point, and combustion properties (smoke point and aromatic hydrocarbon content). Bonner and
Moore (Reference 1) suggest that relaxing the freeze point by 15OF and the final boiling point by
25*F will increase the availability of JP-4 by 24.31 over the 1975 production levels. Moreover.
similar changes for JP-8 fuels, with the additional relaxation of combustion properties. increases
the availability of this fuel by 27.6r,.

Although broadening of fuel specifications may increase the supply of jet fuels, it may also
hamper engine performance and component durability. It is to this problem that the present
program is directed. Specifically, the purpose of this two-phase program is to assess the impact
of broadened -specification fuels on gas turbine engines used in USAF aircraft.- This report
presents the findings of the effort conducted under Phase I of this program.

BACKGROUND AND OVERALL APPROACH

In general, the effect of broadened- or relaxed -speci fi cation fuels on gas turbine operation
characteristics is expected to encompass several performance and durability-related parameters.
These parameters include ignition, combustion efficiency, emissions, thermal loads, burner exit
temperature distribution, erosion, and coking of fuel systems. Although the exact Composition of
a suitable broadened -specification fuel is not known at this time, several proposed relaxations of'
current .JP-4 and JP-8 fuel specifications are considered in this study, and are listed below:

JP-4: Freeze point 14*F increase
Final boiling point 25*F increase

,JP-8: Freeze point 18'F increase
Final boiling point 25*F increase
Smoke point 2mm decrease.

The program is functionally divided into two phases. Phase I of the program is concerned
with the impact of broadened -specifi cation fuels in general, and the impact of the specified
changes in fuel properties listed above. The specific object ives of t he Phase I st udy are t hreefold
as follows:

0 To qualitatively assess the impact of broadened -spec ifi cation fuels on gas
turbine operational characteristics using available data in the literatuore
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" To quantitatively assess the impact oil he specified changes in .1l-PA and ,11-8
fuel properties on combustor liner and turbine airtoil temperatures

* To predict the life degradation of the combustor and turhine coimponents
corresponding to the specified changes in fuel properties.

Phase II of this program will he directed towards integrating the findings of the Phase I
study into a life cycle cost study.

PHASE I SCOPE AND OVERVIEW

The specified changes in ,JP-4 and ,JP-8 fuel properties listed were used to imply changes in
fuel properties which directly affect engine performance and durability. This was accomplished
through the use of various interproperty correlations and an assumed change in .IP-4 and .11P-8
distillation characteristics. The assumptions and methods used in developing these correlations.
and the corresponding estimates of' fuel property changes. are given in Section I1 of this report.

Section Ill of this report discusses the findings of the literature survey conducted t)
determine the effect of broadened-specification fuels on engine performance and durability.
Discussions included in this section are primarily qualitative in nature and deal with the effects
of both chemical and physical fuel properties on the operation characteristics of' three 17SAF
engines: the ,157, TF30. and F100. When possible, however, quantitative estimates ot' the impact
of the proposed relaxations of .IP-4 and ,1P-8 fuel specifications on the perftrmance of these
engines are given.

Thermal analyses were conducted to determine the impact of the proposed changes in .JIP-.
and JP-8 fuel properties on combustor liner and turbine airfoil temperatures for two ISAF
engines: the FIOO-PW-100 and the ,57-59W. These analyses are in the form (4 analytical studies
utilizing the information contained in Sections II and III. No experimental data was generated.
The methodology used in the analyses and the results are presented in Section IV.

The estimated increases in combustor liner and turbine airfoil temperatures found in
Section IV were used in conjunction with existing information to predict the resulting decrease in
combustor and turbine life. These findings are discussed in Section V of this report.

Section VI provides a summary of efforts expended under Phase I and the conclusions
regarding these efforts. Section VII details the retommendations for future fuel-related and
combustor design studies.
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SECTION II

FUEL CHARACTERIZATION AND INTERPROPERTY CORRELATIONS

The proposed relaxation of JP-4 and JP-S fuel specifications )resented in Table I are given
in terms of final boiling point, freeze point, and smoke point only: however. changes in t hese t rev
properties would be expected to result in concomitant changes in ot her hel propt rt ies as well. 'l'o
identify those properties affected, and to quantify the magnitude of the changes, a fuel
characterization study was conducted. Primary among those fuel properties which are aflected l)',
changes in the final boiling point, freeze point and smoke point and which also exhibit a
significant impact on gas turhine combustor and t urbine operat ion incluide:

Hydrogen content
Aromatic content
Viscosity
Specific gravity
Volatility
Heat of combustion
Thermal stability

TABLE I. PROPOSED RELAXATIONS
OF JP-4 AND JP-8 FUEL
SPECIFICATIONS

.IP-4 14'F Increase in Freeze Point

25°F Increase in Final Boiling Point

S.li'- I59F Increase in Freeze Point
25F Increase in Final Boiling Point
2mm Decrease in Smoke Point

Each of these fuel properties will he discussed in I he sect ion and. where applicable, changes
in these properties due to the proposed relaxations of final boiling point. freeze point, and smoke
point are estimated through the use of interpropertv correlations. In addition, changes in hi(,
distillation characteristics are inferred from the specified change in final boiling point and are
used to estimate corresponding changes in fuel viscosity, specific gravity, and volatility.

All changes in fuel properties presented in this section are given relative to base ,))P-4 and
JP-8 fuels. Base fuel properties used in this study are presented in Table 2. along with their
corresponding military specifications. The base ,JP-4 represents an average fuel. based on a
statistical summary of physical properties of JP-4 fuels procured by the Defense Fuel Supply
Center during 1975 (Reference 21. Since there is relatively little jet fuel made to the .111-8
specifications in the world, an average ,IP-8 fuel is of little significance and. instead, a lI )ival of
JP-8 fuel is used.

As shown in Table 2, fuel properties of the b:tse ,1P-4 and .W-8 fuels are. for the most part.
far from approaching their respective current specification limits. For example. the final boiling
points for JP-4 and JP-8 base fuels are 61'F and 44°F below specification limits, respectively.
Since the proposed increase in final boiling point is only 250F. the effect of a change fromt a base
fuel final boiling point value to a proposed specification limit is due primarly to the difference
between base and current specification values. Therefore. changes in fuel properties can he
considered with regard to two cases: Case I - corresponding to the change from a base .111-4 or
JP-8 fuel value to current specification limits, and Case 2 - corresponding to a change fromn a
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base JP-4 or JP-8 fuel value to the proposed specification limits. In this section, estimated
changes in hydrogen content are given for both Case I and Case 2, and are used later in Section
IV of this report to illustrate the resultant impact on liner temperatures. Changes in all other fuel
properties are given with regard to Case 2 only.

It should be emphasized that interproperty correlations presented in this section should he
used with caution. A given jet fuel is a blend of a large number of constituents which may
originate from several different crude oils. Thus. a large amount of data scatter is normally
incurred when attempting to correlate one fuel property with another. The correlations are
intended to be used to establish trends in fuel property relationships or. as mentioned above, to
infer a change in a fuel property relative to a base value, and should only be used for that purpose.

TABLE 2. JP-4 AND JP-8 FUEL PROPERTIES

JP-4 JP8

AvLerage' Specification' TypicaP Specification
°

Value Requirement Value Requirement

Initial Boiling Point, IF 141 - 26

10;' Distillation Point, °F 211 340 401 (max)
20"; Distillation Point. IF 233 310 (max) 364
50'; Distillation Point, IF 295 374 (max) 410
90'; Distillation Point, IF 403 473 (max) 480
Final Boiling Point. OF 457 A18 506 550 (max)
Freeze Point, IF - -72 (max) - -58 (max)
Heat/Comb., Rtu/tbm 18.729 18,400 (mint - 18,400 (mint
Smoke Point, mm 28.1 - '5 25 {min)
Aromatics, "i Vol 10.9 25 (max) 3.,0 25 (max I
Gravity, API 53.9 45-57 44.9 .- 51

'From Reference 2.
'Mil Spec 5624K.
'Values for a particular JP-8 fuel from Reference 3, p. 30.
4Mil Spec 83133.
'Calculated from specific gravity.

HYDROGEN CONTENT

Hydrogen content provides a measure of the combustion quality of the fuel and is expressed
in terms of the weight percent of hydrogen in a fuel. It has been found to correlate reasonably well
with some combustor operating characteristics, particularly liner metal temperature and radiant
heat flux. Numerous studies have shown that a decrease in fuel hydrogen content results in higher
radiant heat loads to combustor liners and, therefore, higher liner temperatures.

In this study, changes in hydrogen content resulting from the relaxed JP-4 and JP-8 fuel
specifications were estimated using a correlation between smoke point (SP) and hydrogen content
(H). Two correlations of this type were considered, and are shown below:

Sp exp ( H 2761 ) (from Reference 4) (1)

Sp Ix (H - 4.54)
SP =.exp 4 (from Reference 5) (2)

Equation 2 indicates a slightly greater dependence of hydrogen content on smoke point, and was
used in this study. When determining a change in hydrogen content from smoke point, not only
was the specified smoke point change of -2.0 mm (for ,1P-8 only) considered, but also the change
in smoke point implied by the specified changes in final boiling point and freeze point.
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Data correlations between FBP and freeze point reported by Union Oil Company (Reference
4) are shown in Figures 1 and 2. These correlations were developed from analyses of crude assays
for African, Middle East, and several miscellaneous crudes. For the specified changes in freeze
point of + 14°F and + 18°F, the data in Figures I and 2 predict a much greater change in FBI) (in
the approximate range of 35 to 70'F) than the specified change of +25 0 F. Figure :3 shows a
correlation between FBP and freeze point developed from average jet fuel data (Reference 6).
This correlation predicts a change in FBP of + 23°F and -4 29 0F for the specified changes in freeze
point of + 140 F and + 18°F, respectively. The obvious discrepancy between the correlations shown
in Figures 1 and 2 and that shown in Figure 3 serves to illustrate the fact that the various
processes involved in producing a jet fuel blend from a variety of crude oils may change the
interrelationships between various fuel properties. For the present study, it was assumed that in
an end-product jet fuel, freeze point will follow from the final boiling point. Therefore, implied
changes in the smoke point due to changes in the freeze point were neglected.

Implied changes in smoke point resulting from a change in the final boiling point were
determined using the data shown in Figure 4. This data was also obtained from a Union Oil
analysis of crude assays (Reference 4). A linear regression analysi. Nf the data of Figure 4 yields
the following equation:

SP = 35.26 - 0.024 FBP (3)

As is shown, there exists considerable scatter in the data: therefore, Equation 11-3 was used only
to imply a change in SP resulting from a change in FBP. and the requisite equation becomes

ASP = -0.024 (.AFBP) (4)

Equation 4 was used to determine a change in smoke point resulting from both Case 1 and Case
2 changes in FBP (found from Tables 1 and 2). The results are shown in Table 3 for both JP-4 and
JP-8 fuels. The change in SP for JP-8 corresponding to a AFBP of 69°F was found to be 1.7 mm:
therefore, the contract-specified change of 2.0 mm dominates.

The changes in smoke point presented in Table 3 were used to determine a change in fuel
hydrogen content (AH) by rearranging Equation 2 as

ISP
AH = 3.03 In SP (5)

where S, indicates a base JP-4 or JP-8 fuel smoke point. The change in hydrogen content tr the
,JP-4 and JP-8 fuels are shown in Table 4 for both Case I and Case 2.

AROMATIC CONTENT

Aromatic content is the volume percent of aromatic molecules in the fuel. Since aromatic
compounds are generally more difficult to burn cleanly. aromatic content is an important
consideration in combustion quality. In addition, an increase in aromatic content acts to reduce
the thermal stability of a fuel, thereby increasing the rate of deposition in ftiel passages.

In general, aromatic content is inversely proportional to hydrogen content. This relationship
is illustrated in Figure 5 (Reference 7). From Figure 5. the equation representing the relationship
between fuel hydrogen content (H) and aromatic content (A) is

A 14.75 - H
0.0583
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Th'le sensit ivity of' arom~at ic content to hydrogen content -in be expressed as tollows:

0.058:1

From the change in hydrogen conent shown in 'lahle 4. the increase in aromatic cont ent for .1PA
and J1P- c'anl hie found as

J 11-4 (Case 2): AA 4 4.1~

*IP-S (Case 2): sAA 4T

DISTILLATION CHARACTERISTICS

''lhe fuel propiert ies ot'viscosity. v spec ific gray it 'v . and v' iiat ilit v do no t co rrelIate( well withI
final boiling point. freeze point. or smoke p~oint . Changes in these p)ropties (-in he intevrred.
however, t'rom the change in dist illat ion temperatures oft the relaxed-specificat ion triels relative lt

he baset fuels. 'lherefore, in order to estimate the effect of the proposed chaniges in -11 -4 anld .1P-8
fulel specitic(at ions onl viscosi ty. sp~ecific gravity. and volat iiit v. severalI assu mption's were inade

regarding the distillation charact erist ics of' the relaxed-speciticat ion tuiils.

''lhe distillation curves for the base .JP-4 and J1P-8 Fuels; used in this stutdY are shown in
Figures 6 and 7. TIhe curves drawn through thle current specification dat a points in t hese tiguires
represent anl tipper hbound or limit to t he range of' ind ividuialI distill atuin t em peratuiires t ln d tfor

these fuels. Figure 8 illustrates, this uipper hound for a number of individual .1P-4 fuels. As shown.
while distillation temperatures for individual 11'-4l fuiels exhibit at wide variation over thi'
distillation range, the current specification limits represent an tipper hound For these
t emperatutres. Similar curves were estimated For the relaxed-specific itiin .IP-4 and -WP-8 fuels
using the increase in final hoiling point At 25W. and are alsot shown in Figures 6 and -7. It should
he emphasized that these p~roposed specification limit curves are not intended to represent thi'
act ual distillation characteristics of thle relaxed -specificat ion fuiels. hut rat her an upper limit tin'

the range of' distillation temperatures which c'an he expected for these f~uels, and are used to
obtain a conservative estimate of the distillation temperatutres for tle reae-pei' tifels.

'P'he cuirves in Figures 6 and 7 were used to determine average dist illat ion te'mperatures hIor
the base arid relaxed-specil'icat ion f*iel. 'I'lhe average dist illat ion temperatutre, V is defined as thle
arithmetic average of' the 10"'7. 50"1, and 90';1 distillation teal lerat tires or 'F.~ lithe 5 p~re'sent s
estimated values of* V corresponding to the b~ase fuiels, the current specificat ion limits, and t he
p~roposed specification limits for hot h *P-4 and ,JP-S. V'alues of V for the base f~uels and the
propoised specificat ion limits are subsequent lv used in correlations involving f'uel viscosity% and
spec'ific gravity. Since values of'V tor the proposed specification limits rep~reseint all uppe)(r hound,
changes in fuel viscosity and spec'ific gravity foiund tisiing these values represent c'onservat ive
estimates.

98



LO

i0

- Go~

Lt

CL.~
0

T C

a:a

0 0 0
C CI? Tpr a

A ~ ~ ~ ~ ~ ~ . wIn e 0l!dBIOJ

____ _ __ __ _ o99



CD 0

- 0~

.9

CO U)

ac ) '-

aL

100.



o -50 o

0 

0

S-100
U-

0 -JP4

'7 -JP5
El - Jet A

-150 .- I - j
350 400 450 500 550

Final Boiling Point - OF FD 176401

Figure 3. Correlation of Freeze Point With Final Boiling Point for Average Jet
Fuels

101



I LA

0

(N

Co /

ui00/

<- 0

0 0-
<

-00

m C

-c-- to

102



TABLE 3. EFFECT OF CHANGES IN FINAL BOIL-
ING POINT ON FUEL SMOKE POINT

Implied Specified
Base Fuel AFBP ASP ASP

Fuel Case Si' (mm) 'F (mm) (mm)

I 28.1 +61 - 1.5 -
JP-4

2 28.1 +86 2.1

1 25.0 +44 - 1.1 -
.JP-8

2 25.0 +69 -17 -2.0

TABLE 4. EFFECT OF FUEL SPECIFICATION RE-
LAXATIONS ON FUEL HYDROGEN
CONTENT

Fuel Case (% by Weight)

1 -0.18
.JP-4

2 -0.24

1 -0.14
.JP-8

2 - 0.2.5

16

15_______

14
C
0

0 10 1043.40 5 0605 703A

W 130D
0
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Aromatics Content, Vol % FO 176152

Figure .5. Variation of Hydrogen Content With Aromatics Content
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TABLE 5. AVERAGE DISTILLATION POINTS

JP-4
Base 303 41()
Current Specification Limits 378 467
Proposed Specification Limits 393 480

VISCOSITY

Viscosity is a measure of the fluidity of fuel and an important consideration in pumping and
measuring devices. It is particularly important in the performance of the fuel nozzle where it
impacts the atomization quality. The kinematic viscosity is commonly used to characterize this
property because it combines the effect of density with absolute viscosity.

A correlation of kinematic viscosity, v, with average distillation temperature, V. is shown in
Figure 9. Data points shown in Figure 9 represent average values of t, and V for -Jet A-L. .P-5.
JP-4, and No. 2 fuel oil at temperatures of 00 F, 100°F and 200°F (from References 6. 8 and 9).
Equations representing the dependence of v on V were found from regression analyses to be

v(at 0°F) = exp [0.0090 (V) - 1.821 (8)

v(at 100'F) = exp 10.0053 (V7) - 1.58) (9)

v(at 200'F) = exp [0.0031 (V7) - 1.421 (10)

Equations 6 through 8 can be rearranged to find the ratio of a relaxed specification fuel viscosity
to a base fuel viscosity as follows:

i'/, (at 0°F) = exp [0.0090 (A)] (11)

v/Ph (at 100°F) = exp [0.0053 (AV)] (12)

v/a, (at 2000 F) = exp [0.0031 (AV)I (13)

Using Equations 11 through 13, the ratio v/,v, was calculated from the estimated changes in V
(from Table 5) at Case 2 conditions. The results are presented in Table 6 for both 'JP-4 and .JP-8
fuels. As is shown, fuel temperature has a significant effect on the increase in viscosity due t, a
relaxation of fuel specifications. Equations of the general form of Equations 1 through 13 were
developed for several additional fuel temperatures ranging from -30 to 200'F. The resulting
'/ah ratios are shown plotted against fuel temperature in Figure 10. In addition, viscosity data on

.JP-4 and JP-5 fuels (Reference 8) were used to determine the viscosity ratio of IP-5 relative to

.JP-4 at several fuel temperatures. As is shown, the increase in the Case 2 .JP-4 fuel viscosity
relative to the base JP-4 fuel ranges from approximately 270"', at - 30'F to approximately 30', at
2(X)°F, while the increase in Case 2 JP-8 viscosity relative to the base .JP-8 fuel decreases from
approximately 115 to 24"1 over the same range of fuel temperatures. Figure 10 indicates that as
temperature is increased, the impact of a relaxed specification fuel on fuel nozzle atomization
quality decreases. Therefore, increases in fuel viscosity should have the most significant effect on
cold-day start-up characteristics of an engine, when fuel temperatures are relatively low.
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TABLE 6. EFFECT OF PROPOSED FUEL
SPECIFICATION REIAXATIONS ON
KINEMATIC VISCOSI'Y

Fuel Case at OF at 100F at 200°F
JP-4 2 2.25 1.61 1.32

Jr1-8 2 1.88 1.45 1.24

4.0

3.0

e 2.0

(0

1.- Case 2 JP-4 Relative to Base JP-4

E - Case 2 JP-8 Relative to Base JP-8
- JP-5 Relative to JP-4

100 0 100 200

Fuel Temperature - IF
FD 176153

Figure 10. Changes in Viscosity Ratio With Changes in Fuel Temperature

SPECIFIC GRAVITY

Specific gravity reflects the weight per unit volume of the fuel, and combined with the
heating value of the fuel, affects a given aircraft's range and endurance. Variations in specific
gravity must be accounted for in the engine control to ensure the correct fuel flow to the
combustor. For example. changing from .IP-5 to IP-4 fuel without adjustment of the fuel control
can result in excessively high temperatures in the combustor and turbine. In addition, fuel
density may affect fuel nozzle atomization quality and penetration of the fuel spray.

A correlation between API gravity and average distillation temperature was developed using
average .JP-4, JP-5, and Jet A data (Reference 6). and is shown in Figure 11. l)atn from an
analysis of individual fuels are also included in Figure 11. The tunctional relationship between
API gravity. (, and average distillation temperature. V. indicated in Firure 8 is:

G = 81.93 (.( 0.4 V. V4t
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Figure IL. Correlation of API Gravity With Average Distillation Temperature

Using this equation, and the calculated values of V (Table 5t. the ratio of Case 2 API gravity to
hase API gravity was found for both JP-4 and,.JP-8 and is shown in 'able 7.

Specific gravity. SG, is related to API gravity by the following equation:

MG= 141.5 (5
SG=G +1:31.5 (5

Using Equation 15. the ratio of Case 2 to base fuel specific gravitv was found for hot h fuels, andi
these values are also given in Table 7. As is indicated, the change in fuel specifications. has a
relatively small effect on specific gravity, with estimated (conservative) inc'reases of Sand 41', for
.JP-4 and .JP-8. respetively.

TABLE 7. EFFECT OF PROPOSED FUEL SPECIFI-
CATION RELAXATIONS ON API GRAV-
ITY AND SPECIFIC GRAVITY

Fuel Case(fi,

t-t2 0,84 1.05

2 0.55 1.04

VOLATILITY

Increases in the final boiling point ot a fuel act to decrease ltil volat (tif\ A dlecrease in iel

volatility acts to lower the rate of fuel vaporization in a combusior. i twba.-ravat iog alt it iiifi
ignit ion and lean - b hwout pro b letms and decreasiniig combust ion Otici en cv

Tlhere are at number of indicators of fuel volat ility. inlcliding linit ml1 boiling point (Mil. 1114.

itt. 20). and 25', distillation temperatutres, aind Heid vapor prvssurv l1\I'. \o at enI)It was inadti

in t his studyv to determine t he effect oftI he proposed fulv specifu on t Oia ~xtil Oil wl\l IIMwHA
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However, the estimated distillation characteristics shown in Figures 6 and 7 may be used to
obtain the distillation temperatures mentioned above. These temperatures are given in Table 8
corresponding to the base JP-4 and JP-8 fuels and the relaxed specification JP-4 and ,IP-8 fuels.

The distillation temperatures shown in Table 8 indicate that the proposed specifications
will have a significant effect on fuel volatility for both fuels. However, as mentioned previously.
the estimated proposed specification limit curves shown in Figures I and 2 represent an upper
bound for relaxed-specification fuel distillation temperatures. Therefore, actual changes in fuel
volatility resulting from a +25°F increase in FBP should be much smaller than those indicated
in Table 7.

TABLE 8. EFFECT OF PROPOSED FUEL SPECIFICATION
RELAXATIONS ON FUEL VOLATILITY (AS IN-
DICATED BY THE 10r(, 20(', AND 25"1 DISTILLA-
TION TEMPERATURES)

Distillation Temperature (F)

lO'; 20'; 25'.

Base IP-4 Fuel 211 2,'33 241
Relaxed Specification JP-4 Fuel 260 300 315
Base .JP-8 Fuel 340 :164 :370
Relaxed Specification JP-8 Fuel 400 415 425

HEAT OF COMBUSTION

Heat of combustion is a measure of the potential heat release in combustion of a fuel, and
thus is fundamental to the operation of a gas turbine engine. The caloric value of a fuel along wit h
ihe specific gravity are important in determining aircraft range and endurance. Variations in heat
of combustion must be compensated for in the engine fuel contrvl. Fortunately. there is little
variation in heat of combustion for most current jet fuels. For example. the heat of combustion
of Jet A fuel is approximately 150 B/Ibm less than that ofIP-4. Therefore. changes in fuel caloric
value due to the proposed fuel specification relaxations were assumed to be negligible in this
study.

THERMAL STABILITY

Fuel in many high-performance aircraft is subject to high thermal stresses resulting from its
use as a heat sink. Thermal stability is a measure of a fuel's ability to withstand this stress
without degradation. This ability is extremely important in the operation of the key fuel system
components including the fuel control and the fuel nozzles. The result of inadequate thermal
stability is the deposition of fuel degradation products on the internal surface of fuel system
components. The thermal stability is quantified in the ,IFTOT test procedure by eit her a pressure
drop across a filter and/or a color-code rating of deposits in the test section.

Based on average fuel data (Reference 6), the filter pressure drop is approximately 5.1 mm
Hg for JP-4 fuel, and approximately 10.2 mm Hg for JP-8 fuel (using -Jet A data). Since these
values are well below the current specification limi of 25 mm Hg (maximum), the relaxed
specification fuels being considered in this study are expected to pass the ,IrroT test.

Another measure of fuel thermal stability is the break point temperature (TBP). The "FTB
is defined as the maximum temperature at which a fuel will pass the lFi'0' test, or the
minimum temperature at which a fuel will fail the ,IF'OT test. Lohmann (Reference 1I0) has
developed the following TBP correlation based on coal- and shale-derived fuels:

TBP (OF) = 255 + 259 (S) Oos (N) 0a0"4 (Na) -1.05 ((1) o02 (A) 0.067 (16)
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where

S = Sulfur Content (Percent by Weight)
N = Nitrogen Content (Percent hy Weight)
Na = Naphthalene Content (Percent by Volume)
01 = Olefin Content (Percent by Volume)
A =Aromatic Content (Percent by Volume)

No attempt was made in this study to estimate the increase in these fuel constituents (other than
aromatics) resulting from the proposed changes in fuel properties. However, using the correlation
of Equation 16, and the estimated increase in aromatics found previously, a decrease in TBP of
approximately l% is predicted for the relaxed specification .JP-4 and ,JP-8 fuels. Therefore, the
decrease in thermal stability of JP-4 and ,JP-8 fuels resulting from the proposed changes in fuel
properties is expected to be negligible.
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SECTION III

EFFECT OF FUEL PROPERTIES ON THE OPERATIONAL
CHARACTERISTICS OF GAS TURBINE ENGINES

This section presents the findings of an extensive literature survey conducted to review and
discuss the effects of broadened-specification fuels on the performance and durahility of gas
turbine engines. Both chemical and physical fuel properties are considered, and their potential
impact on operation of the 157, TF30 and FI00 engines is discussed. These discussions are
qualitative in nature, and deal primarily with relaxed-specification fuels in general. When
possible, however, the effect of the proposed relaxations of ,JP-4 and ,JP-8 fuel specifications oin
engine performance are estimated using available data in the literature.

EFFECT OF FUEL PROPERTIES ON COMBUSTOR PERFORMANCE

Ignition Characteristics

The mechanism of' ignition of a combustible mixture has been the subjecl of numerous
experimental and analytical investigations which have characterized the pro weSS in terms (of
combustor design parameters as well as the chemical aspects of the combustible mixture. In Ihe
gas turbine combustor. ignition of the flowing mixture of air and fuel is effecled hv the passage
ot' an electrical discharge through the mixture. The passage of this spark creates a vylindrical
volume of hot gas between the electrodes. During the spark duration, the flow extends this
volume of hot gases in the downstream direction. It' the rate (f' heat release due to chemical
reaction within this volume exceeds the rate of heat loss at the kernel surface due to turbulent
diffusion, a successful ignition is achieved. If not. the temperature within the kernel will drop
causing cessation of further reaction. Thus. the critical factor is the size to which this kernel has
grown at the time the temperature of the gases within the kernel have fallen to the normal flame
temperature of the mixture. Thus, the criterion for survival (f the spark kernel is that the
minimum dimension of the kernel should always exceed the quenching distance. d,,, The energy
required to heat a volume of gas. whose minimum dimension is equal to the quenching distance,
to the adiabatic flame temperature is called the minimum ignition energy (MIE).

Simple theory predicts that the MIE varies with the cube of the quenching distance. The
MIE and d, are both dependent on the operational characteristics of the combustor and on the
chemical composition of the fuel. The variation in the MIE with quenching distance for
stoichiometric mixtures of met hane and propane at various pressures. flow velocit ies. and oxidant
partial pressures at low turbulence levels, is shown in Figure 12 (Reference I1). The combustoi
operational characteristics which are known to impact the minimum ignition energy are
mainstream flow velocity, pressure, temperature, turbulence intensity, and turbulence scale. Thc
effect of velocity is both beneficial and detrimental to ignition. The velocity displaces the sparl
downstream thereby reducing loss of heat and reactive species to the electrodes. It also tends to
shield the spark by increasing the length of the kernel and hence, increases the amount of'energy
released during the discharge spark. However, the flow velocity is detrimental in that it increases
the convective heat loss from the surface of the kernel during the spark discharge and subsequent
to the discharge, it increases the heat loss due to turbulent diffusion. The net effect oft he vehiloy
is a slight increase in MIE, as shown in Figure 13 for methane/oxygen and propane/oxygen
mixtures (Reference 11).

The minimum ignition energy generally increases with a decrease in pressure as indicated
by the relation (MIE) - (MIE),, (P/P,,) " (Reference 12) where the subscript o refers to standard
atmospheric pressure. The exact value (if the exponent is dependent (n hydrocarbon type. A
logarithmic plot of MIE vs pressure is shown in Figure 14 for various stoichiometric methane/air
mixture.;. In this case. the pressure exponent is 0.95 while for heavier hydrocarbon-type fuels, it
is closer to 2 (Reference 1:).
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The effect of turbulence is both to increase the loss of heat from the spark kernel to the
surrounding cold mixture and to increase the heat generated in combustion. It does this by
wrinkling the flame front and thereby increasing its surface area. The net effect of the turbulence
is always to increase the ignition energy. The effect of turbulence intensity is shown
parametrically in the curves of MIE vs equivalence ratio for propane in Figure 15. The effect of
turbulence scale depends on the level of turbulence intensity. At low turbulence level, the MIE
tends to decrease with increasing scale. At high turbulence levels. MIE increases with turbulence
scale. This is shown in Figure 16 for stoichiometric methane/oxygen mixtures.
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Figure 15. Graphic Plots Illustrating the Influence of Turbulence IntensitY on
Minimum Ignition Energy for Propane/Air Mixtures

In addition to the physical variables presented above, the ignition energy is also dependent
on the chemical and physical nature of the combustible mixture. The most obvious requirement
is that the stoichiometry of the mixture must be within the flammability limits of the fuel.
However, even within this range, the MIE is dependent on the fuel/air ratio. The minimum
ignition energy for simple paraffinic hydrocarbons occurs near equal stoichiometric equivalents of
air and fuel or unit equivalence ratio. The MIE tends to shift to higher equivalence ratios (fuel
rich) with increasing molecular complexity of the fuel. This effect is shown in Figure 17
(Reference 12). The effect of molecular structure on MIE and dq is also shown in Table 9. The
effect of the degree of unsaturation is shown in the two-carbon atom series, ethane (paraffinic),
ethylene (olefinic), and acetylene (alkyne). For simple aliphatic hydrocarbons, the MIE and dq
decrease with an increase in the degree of unsaturation. The next three compounds form a six-
carbon aliphatic compound, n-hexane has a higher MIE than the corresponding six-carbon cyclic
compound, cyclohexane. In this example, there is no effect on MIE of aromatization in that
cyclohexane has the same MIE as benzene which is an aromatic compound.
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TABLE 9. MINIMUM IGNITION ENERGIES
(MIE) AND QUENCHING DISTANCES
(dq) OF SELECTED HYDROCARBONS
IN AIR AT ATMOSPHERIC PRES-
SURE

MIE (mj) d, (in.)
Ethane 0.25 0.09
Ethylene 0.07 0.05
Acetylene 0.02 0.025
n-Hexane 0.29 0.06
(vclohexane 0.22 0.07
Benzene 0.22 0.07

The effect of molecular structure of the fuel on ignitability is extremely complex and readily
becomes obscured by physical properties of the fuel when more complicated examples are
considered. Korber (Reference 14) examined the ignitability of some paraffinic, aromatic, and
napthalenic compounds and concluded that the ignitability of cyclic compounds is less than that
of paraffinic compounds. Within a series of double-ringed molecules (decalin, tetralin. and
methyl-napthalene), the ignitability decreased with increasing extent of unsaturation. However,
in this test the results were dependent upon the vaporization of these fuels, each of whose
volatility differs significantly, and thus, it is not clear that the observed effect was indeed due to
the chemical nature of the fuel and not simply due to the physical properties which are a result
of the molecular structure.

The primary impact of the fuel is thus through its physical properties rather than the
chemical nature of the fuel molecules. The ignition mechanism described earlier assumes the
passage of a spark through a combustible gaseous fuel-air mixture. In aircraft gas turbine
combustors, which consume liquid fuels, it is the preparation of this mixtire which limits
combustor ignition performance. In all combustor designs, the atomization of the liquid fuel is
achieved through the use of a fuel nozzle. However, the mechanism of this atomization may vary
from one design to another. The J57 and TF30 both utilize pressure-atomizing fuel nozzles, where
the energy required to break up the liquid fuel into droplets comes primarily from the mechanical
fuel pressure. The F100 combustor, on the other hand, utilizes an airblast nozzle which utilizes
the air pressure drop across the burner front bulkhead to atomize the fuel.

The performance of a pressure-atomizing fuel nozzle is determined by the nature of the fuel
and the particular design of the nozzle, and is normally characterized by the resultant fuel
droplet size and penetration. The most significant physical properties of the fuel which enter into
the atomization process are fuel density, viscosity, and surface tension. The effect of these
properties on fuel droplet size, characterized in terms of Sauter Mean Diameter (SMI)), can be
estimated using the following equation (Reference 15):

SMD = K pr 0 .2 5 PrO. 
20 

Iroa0 Ap-0.40 (17)

where pr, r, and a, are the fuel density, viscosity, and surface tension, respectively. X is a
constant dependent upon the particular fuel nozzle design. .1P is the nozzle driving pressure.

The dependence of SMD on fuel viscosity is shown in Figure 18 for a pressure-atomizing
nozzle. As indicated, an increase in viscosity from 2.2 to 18.5 centistokes yields an increase in
SMD of approximately 50%.
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The effect of viscosity on the nozzle performance depends upon the driving pressure. This
variation in nozzle performance is shown in Figure 19 (Reference 16). The fuel nozzle flow number
(F,) is defined to be the volumetric flow divided by the square root of the driving pressure (P).
F, = Q//P, and as such is representative of the discharge coefficient. Figure 19 shows this
variation in flow number with viscosity for two different injection pressures. The sensitivity of
flow number to viscosity is obviously much greater at low pressure than at high pressure. This
effect is particularly significant for the ignition process of a gas turbine combustor such as t he .157
and TF30. Ground starts and airstarts for these combustors are normallv achieved under
conditions where the fuel flow determined by the engine fuel control device is at a minimum. This
means, consequently, that the fuel pressure drop across the nozzle, which effects t he atomization.
is also at a minimum. Thus, small viscosity changes. which would be insignificant at higher
engine thrust conditions, may result in serious deficits in nozzle performance under startup
conditions.

Fuel density and surface tension have much less of an impact on fuel nozzle performance.
The above empirical correlation for :3MD indicates only a 6'" increase in size for a 10' increase
in surface tension. However, the surface tension of hydrocarbon fuels derived from petroleum
sources usually do not differ even by 10";. The effect of density on nozzle performance is a slight
decrease in spray cone angle and a slight increase in spray penetration with increasing density.
These effects are usually considered negligible.

The fuel nozzle in the FI00 engine combustor represents a significantly different approach
to atomization of the fuel than the pressure-atomizing nozzles in the '157 and TF30 combustors.
The F100 combustor fuel nozzles are of the airblast type in which atomization is achieved
primarily due to the airflow across the fuel nozzle. Consequently. the performance of the nozzle
is dependent both on fuel properties and airflow conditions. An empirical correlation for droplet
size resulting from an airblast nozzle is presented in terms of fuel density (pr), surface tension
(a), viscosity (vr). fuel mass flowrate (W,), air mass flowrate (W,). air density (p,). and the
pressure drop across the nozzle (AP,) as (Reference 17):
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SMD = K AP,- .
'0 pa -0.,7 (1 + Wr/AW) or°'3-7 r.

0
6 pfO. 26  (18)

where K is a constant for a particular nozzle. The operative term in the correlation is
(1 + w,/w.). This parameter varies with combustor fuel-air ratio and hence, with engine
operating condition. Assuming a datum for w,/w. of unity, the relative effect of fuel-air ratio
excursions on droplet size is shown in Figure 20 (Reference 18). The design operating nozzle
fuel-air ratio is determined as a compromise between requirements for nozzle performance and
combustion characteristics in the primary zone of the combustor. The F100 combustor
operates at SLTO with approximately a w,/w, of unity. At lower power conditions both airflow
and fuel flow are reduced, but not in equal proportions, so that at Idle the air-fuel ratio is
approximately 1.5. This range of variation falls in the relatively flat portion of the curve in
Figure 20, thereby minimizing changes in fuel droplet size with engine power setting. This
illustrates one of the advantages of airblast-type fuel nozzles.

The dependence of droplet size for an airblast nozzle on fuel viscosity is predicted by the
above empirical equation to exhibit a 0.06 exponent variation. This apparent insensitivity to fuel
viscosity is another advantage of airblast nozzles. However, the experience at P&WA in the use
of airblast nozzles indicates a somewhat greater dependence on viscosity than the 0.06 power. Our
experience with the FIOO fuel nozzle indicates that droplet size is proportional to the 0.13 power
of viscosity. Even in this case, the airblast nozzle still exhibits less sensitivity to changes in fuel
viscosity than pressure-atomizing nozzles.
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Figures 21 and 22 illustrate the sensitivity of both the pressure-atomizing and airblast
nozzles to changes in fuel viscosity. These curves were derived through the use of Equations 17
and 18 to calculate the ratio of SMD for a given fuel relative to a base fuel. Thus. for pressure-
atomizing nozzles,

SMD 0 (...A__)o.,( )0.8,_Z)o0.2,(
SMD, ph Or Ph

and for the airblast nozzles,

SMD (aP )0.2(G .37(.j6 0.13 (20
SMD, ph, a ph

where p/ph, a/r,, and V/ph are the density, surface tension, and viscosity ratios ofa given fuel
relative to the base fuel. All other factors are assumed to be equal. Equations 19 and 20 assumed
fuel density and viscosity ratios to be unity since the changes are small. The SMI) ratio was found
for the relaxed specification JP-4 and JP-8 fuels relative to their respective base fuels using the
estimated viscosity ratios found in Sect ion It of t his report, and are shown as the lower t wo ('u rves
in Figures 21 and 22. The additional curves shown in these figures illustrate the effect on SMI)
of the higher viscosity JP-5 and Jet A fuels relative to the base JP-4 fuel of' Section 11. As shown.
the effect of changing from the base JP-4 or JP-8 fuel to a relaxed specification JP-4 or .IP-8
results in less of an effect on fuel nozzle atomization than changing from a base .JP-4 fuel toJP-1
or ,Jet A. In addition, these curves also indicate the important effect of fuel temperature on
atomization quality. As discussed in Section II. the viscosity ratio of' a relaxed specification
(higher viscosity) fuel to a base (lower viscosity) fuel increases with decreasing fuel temperal ure.
This behavior is then reflected in the SMD ratio.

120



1.2 1 A JP

JJETA/JP4

JP8/JP8b

-50 0 100 200
Fuel Temperature - OFFO167

Figure 21. Sensitivity of Pressure-A tomizing Nozzle to Changes in Fuel Viscosity

-JP5/JP4
1.3

~1.2

JP8/JP bj
1.0 -I- 1

-50 0 100 200

Fuel Temperature - OFFO168

Figure 22. Sensitivity of Airhlast Nozzle to C'haniges in Fuel Viscosit)y



The ignition process is critically dependent on the evaporation of the fuel to produce a
locally combustible mixture. Thus, the volatility of the fuel is of extreme importance. However,
the rate of evaporation is also dependent on the fuel droplet size as well, smaller droplets
having a larger surface-to-volume ratio and hence, for a given volatility, a higher evaporation
rate. The effect of droplet size on the MIE is shown in Figure 24 (Reference 19). Figure 24
shows that for a given ignition energy, the lean ignition limit is extended toward a lower
equivalence ratio with a decrease in droplet size. The volatility of the fuel is determined by the
lighter weight constituents in the fuel. It may be quantified by measurement of the vapor
pressure such as the Reid vapor pressure. However, this parameter may be misleading in that
it is entirely an intensive parameter. A high vapor pressure does not necessarily mean that
there is a sufficient quantity of volatile components in the fuel to form a combustible mixture.
Inspection of the low end of the fuel distillation characteristics provides a better measure of a
fuel's ignitability. Ignition results with several fuels obtained in a T63 engine combustor are
shown in Figue 23 (Reference 20) plotted as the time to ignition vs primary zone equivalence
ratio. In these results, the ignition time is correlated with the 25', distillation temperature.

Figures 23 and 24 indicate that the combined effects of increased SMD and decreased
fuel volatility on ignition performance may be compensated for by increasing the combustor
primary zone equivalence ratio. This may be accomplished by increasing the minimum
scheduled fuel flow to the combustor. For example, the TF30-P-100 fuel control device has an
external adjustment which is used to increase the minimum fuel flowrate by approximately
30', when changing from ,1P-4 to ,JP-5 operation.
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Fuel vatility also decreases for a given fuel with a decrease in fuel temperature, thereby
reducing the rate of evaporation. The effect of fuel temperature on MIE at a constant droplet
diameter is shown in Figure 25 for three fuels. The temperature coefficients of viscosity and
volatility for hydrocarbon fuels ranging from ,JP-4 to No. 6 heating oil tend to he similar, and
thus. temperature sensitivities of broadened-specification fuels are not expected to) be dissimilar
from current aviation fuels. However, as indicated in Figures 21, 22, and 25. temperature effects
may become significant in those combustors whose altitude ignition performance is marginal with
current fuels.

With regard to ignition characteristics, the sensitivity of the ,157. TF:3(0, and Fl(XI
combustors to changes in fuel properties is expected to vary because the performance of each
combustor is a complicated interaction between these properties and the particular design
characteristics. As discussed above, combustor characteristics which affect ignition performance
are air velocity, turbulence level, primary zone equivalence ratio, and fuel nozzle type. The air
velocity in each of these three combustors is dependent upon burner airflow distribution, swirl
strength, and dilution jet location, and tends to increase in order from the .157 to the FI((t
combustor. The turbulence level in each combustor tends to increase with increasing liner
pressure drop, and would, therefore, increase in order from the FIN), to the .157. to the TF30. The
primary zone equivalence ratio, under normal operating conditions, is highest in the FI(X)
combustor and decreases in order from the TF30 to the ,157. The fuel flow under engine startup
and altitude windmilling conditions, however, is determined by the fuel control coupled to the
high-pressure rotor speed. Thus, the actual primary zone equivalence rat io) in a given combustor
is dependent upon altitude and aircraft flight Mach number.
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The energy of the igniter system, and the relative position of the igniter are also crucial to
combustor ignition characteristics. The F100 and TF30 ignition systems are .1 joules. while the
.157 has a 20-joule system. The igniter placement in all three combustors is direct lY in line with
a fuel nozzle: however, the J157 igniter is closer to the fulel nozzle than the TF30 and Flt)(
combustors.

Differences in other combustor operating parameters, suc'h as inlet temperat tre and
pressure, between these three combustors hecome minimal tinder windmilling conditions where.
instead, these variables are determined primarily 1w altitude and flight speed of the aircraft.

Whet her the proposed changes in.JP-4 and .JP-8 fuel slpecificat ions considered in this studv
will impact the ignition performance of' current AF engines is not clear, [)iue to the complex
dependency of igniti(In performance (on the various fuel-related and cllnihustor-related variab~les
discussed above, an accurate assessment of the impact of the relaxed -speci ficat ion .llP- and .ll-S
fuels onl the ignition characteristics of' the F100. TF3tt. and .157 comhustors is well beyond the
scoIpe oIf this discussion. However, a conservative estimate (can he made for the Ft (Mt combulstor
based (In test data with .JP-4. .JP-5. and .IP-S fuels.

Fi'gure 26 presents thle results (Ifspooldown airsi art tests using anl F-I5 aircraft operated
onl NATO'( F-34I i.JI'-8 fuel (c(nducted as part of anl Air l'orce-spons(Ired proIgranm Reference
21 . Spooldown airstart tests involve at templt ing all airstart at engine co(nditions at which the
el'ne~( roltor follo wing flamleout has not deteriorated to that characterized by' true windmiflingJ
(0ouii ons. 'Ilhe engi ne specificatio 1(11 cP0 2)) defines the airstart requirement at anl engine

high rot(or speed'( of' I110' o~f peak speed. Aft hough all airstart s mnet thle engine specification
requti rement . it wa.tS conc1lded that the use o! .11' -8 fuel will impose no 25-knot p~enalty itfaster

airspoOeed iln 5j1001l(I'wI airstart capahilit.\ relative to JPlo4 itu(l. Fle] temlperat tres to the

1 24



0

0 N.
e -j 0

o0 to-

0v - -0

0
U0 "10 00 7i 0C

co

00 toI C.0
(spusnotl) 4'9pnljQ



combustor during airstart conditions are normally greater than 100'F. Referring to Figure 21,
the increase in SMD for Jet A relative to JP-4 is less than 10',. Since the viscosity of ,JP-8 fuel
is essentially equal to that of ,Jet A, the 25-knot penalty in spooldown airstart capability for
the FIlX) engine is primarily due to the decreased volatility of JP-8 relative to JP-4. Assuming
that the increase in airspeed necessary for successful ignition is linearly proportional to the
decrease in fuel volatility, and using the estimated 20', distillation temperatures found in
Section II (Table 8) to indicate fuel volatility, the impact of the relaxed-specification fuels on
spooldown airstart capability of the FI0( is estimated to be as follows:

* The relaxed-specification JP-4 fuel will impose a penalty of 21 knots (or less)
relative to the base JP-4 fuel

" The relaxed-specification JP-8 fuel will impose a penalty of 18 knots (or less)
relative to the base JP-8 fuel.

Windmill airstarts at 10,000, 25,000, and 35,000 ft were also conducted during the Air
Force-sponsored program referred to above. Results showed that specification requirements
could be met with either JP-4 or JP-8 fuel. However, sufficient data was not obtained to allow
a comparison of airstart limits with both fuels. The impact of the relaxed-specification fuels
considered in this study on windmill airstart capability may be obtained using the information
provided in Figure 27. This information was obtained from altitude ignition tests performed in
an Altitude Simulation Test Facility at the Arnold Engineering and Development Center
(AEDC) in Tullahoma, Tennessee during the development stages of the F100 engine. From
Figure 27, the use of JP-5 fuel requires that the minimum airspeed necessary to obtain a
successful windmill airstart be, on the average, approximately 40 knots higher relative to JP-4
fuel. It should be noted that the volatility of JP-5 fuel is less than either JP-8 or JP-4 fuels.
The average 20", distillation temperature for JP-5 fuels is approximately 397'F (Reference 6)
as compared to 233 0F and 364'F for the base JP-4 and JP-8 fuels, respectively, used in this
study. Proceeding on the same basis used for spooldown airstarts, the estimated impact of the
relaxed-specification JP-4 and JP-8 fuels on F100 windmill airstart capability is as follows:

0 The relaxed-specification JP-4 fuel will impose a penalty of 10 knots (or less)
relative to the base .JP-4 fuel

* The relaxed-specification ,IP-8 fuel will impose a penalty of 25 knots (or less)
relative to the base ,JP-8 fuel.

Sufficient data could not be found to enable an estimate of' the impact of the relaxed
specification fuels on TF30 and .157 altitude ignition performance. A number of rig. engine. and
itight tests have been performed with the TF30 and have verified that altitude ignition
specifications can be met with both JP-4 and ,JP-5 fuels. However, these tests do not provide
sufficient information to evaluate fuel effects on ignition for two reasons. First, the tests are
normally performed to verify that specification limits can be met and not to determine the actual
limits of the engine. Second. as mentioned previously, the minimum fuel flow is increased for
engine operation on JP-5 (or JP-8) fuel relative to JP-4. Thus, while the altitude ignition
performance of the TF30 may have different physical limits when operated on these higher
viscosity/lower volatility fuels, the engine may not be functionally limited due to readjustment of'
the minimum fuel flow.
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It should he mentioned that cold-daY ground starts will also he affected liv broader
specificat ion fuels. In tact, the uisp of higher viscosit *y/lower volat it\1fels is expiect ed Iohave a
greater impact on cold-day ground starts than onl altitude ignition perf'Ornianc(' since fuel
temperature., are lower (in flight. fuel is preheated befocre heing pmped to the comicustorl.
Sufficient data is not available at this time, however, to estimate the effect of' the piropiosed
relaxed-specificat ion fuels on J157. TIO). and Fl (X ground -start c'apabil it ies.

Combustion Efficiency and Stability

Fuel propert * efforts (i a urbine combustion efficiency' and w~ahilit 'v have 0I eetI
been considered. Previously, v these measures of 'ombhustor performance have been correlated with)
loading parameters which take into account the ettets of pressure. airflow. I enperat ure and
equivalence ratio. One such parameter is the (i parameter (Refevrence 22):

9 -~ P,, Ar,-t"i/mi exp (T'MWI:t (211

where. P,,, and T1', are combustor inlet pressuire and temperature. resp e't ively. A, and lXr,, are
the maximum combustor cross-secticnal area and width, and Il is the priiar y zone airflow rate.
T'he use oif this t9 parameter will sat isfactoi un v c'orrelat e variations in effcciencv or lean st ahilit v
limits which result from changes in any o (f t he variables involved. By com~nparing these correlations
hetween various combustors. suhas the .157, TF30. and Ft(I. the effect of combustor geometrv
may he deduced.
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have utsed the init ial drillt diameter as the ct(ittllolin,, paril'tr. A crtical droplet dttnttt'.
D__, has been defined suich that abotve this va:hiie (lt'i)l' eaptnatititi is tht' limiting prittess. jt'v
list' itt this model' shotws part iculara'r\ well. thlit eflect, s4 tif tv prop~ e rtit's aniid liii Ili nilIt
chiarat't erist ics liii co mblust iton eli ci en cv. As di sc'tssted in ci onnect iton with ilt ipgoit it o
nmech anism nihe dlrtopl et size is dependi ten t tt po inoii zzle l' vpv' an til e xi st'tsi Ix 1v ( nd srttt't t'iis it n
itt th liItel. F'igutre :tt -Reterenicte 254 shoiws t his x'at'itio ili D_ , withI dropltet eva:ptoration 4 it' tt
several d ifftterentt tuelIs. T ht' critical dlrolet size is depjetndt'in t upt i'll(,]' pro pert ies. ii tniIstit t fbiwt
and cotibutst or get mt'trx' cha ract erist ics. 'I' lit' eva pt rat itn t imte is di-m tri il '( hv' t' ili lii 1t it
characteristics stit'h as a irf~ltw di st ributtion. tftow x't'Itit ties. antd swirl strten gthI. I.ti'. e rxa in I te, It'e
dlropllet evapotrat ion time is .4 niillisetcinds (ist. I ),., fit ke'riisetit is 36 icroni'is and fur light fitti!
oil is 27 micro ns: t he diffterence. 1 5 m ictrtons, is in(' toi x'isci s it . denlsi tx' andi vilatilit x'difftetrt'nct's.
I huts, toi ma intlit t lhe sameli eva po ratiton perforimna ntct. t he at itinizat it il(iit' th lituettl wiotuld havx't

be 33 ,:I bet ter tor ithe futt' oi i 'thani fir kenrost'ne . In rt'alit v . litowt'xer, th li'p erti oritn ottt' t lit Iie'
ntozzlt'. part ic'ularly prtessture-aitlmiZitig nozz~le's. %viutlt deterioirate dttt', toi the chantgt' in fuel'
lpri pe rt ies. itit l ilig aill ex'en greater' d epeniden ce itf t' e overallI citiliisli ill prtctss it dropt t
eva pot tio~ n. A inblast tuel noiizzles. silt'h as used in I he F 1444 ci ilii ist i. art' less st'ts it i xe tt fuil
x'isct s it 'v, anrd thus, t end to in iimiize det eriortion iii d lrop~l et size' with Iintcreasetd v isci si I x
Hitwever. even if droplet size were comnst ant tftr the abovxe t'xamiple lit' dt'crt'ase'd x'ilat ilit v wouild
reqitirt' 'xapsit ion time that is Si', lohnger thbani for kt'rtselie.
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'1'he variation in critical droplet diameter with evaporat ion time, shown i Figure 30t. is
dependent uipon the combustor inlet temperature andl pressure. The curves presented here are at
one at moslphere itnd 8t0 F. As p~ressure and temnperature increase, the valut es for 1), ,, i ncrease. At
890F and 300t psi, I),, for kerosene is a pproxim at elY 10(0 microns. TIh is indlicatI es that the effects
of' fuel viscosity and volat ility are more evident at low-tpower ('ondit ions. TIhe variat ion in D.,
with engine compressor pressure ratio is given in Figuire 311 (Ref'erence 2.5) TFable t0 shows the
comp~ression ratio for the .157, TFU20, and Fl ot combust ors at Idle and Ml Al') poiwer conditions.
From this tabulation and the resuilts of' Figure 31. several ((onclusions ca;n he drawn. First, the
effect of' physcial propert ies of' (he fuel on ef'ficiency is more evident a( lower tpowe'(r op1eration.
Also, droplet evaporation should not he the limiting prcs for the TIF3(t and] Fl (It cominhst ors
at high-power conditions. TIhe .J57 combust or is the must likely of' the three to be affected by
increased viscosity and decreased volatility of the fuiel.

100
P = 1atm Ti =3001K

80'

E 60 - Kerosine t

:E Dee

Light Fuel Oil

a 4 Heavy Fuel Oil

Evaporation Time - msec FU 161243

)'igLurc :30. Influence of Ev~aporation Time on Critical Mean D~rop D~iamneter
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TABLE 10. COMPRESSION RATIO AT IDIE AND SIT(O
THRUST SETTINGS

Idle SLTO
Engine P,,,-,...... ExitP,.m1...n P.,,-,,.... iP,.

J57 2.6 12.2
TFa30 :3.5 19.0
Flo) 4.3 24.9

The values of D,,,,, shown in Figures :30 and 31. are also dependent on the turbulence
intensity in the primary zone of the combustor. The curves were generated assuming a turbulence
intensity of 20%. The effect of turbulence is to increase the rate of evaporation. and hence, deficits
in fuel volatility can be compensated for to some extent by turbulence. For kerosene. 1,". is
increased by 30 microns for variation in turbulence from zero to 30'e. The level of turbulence in
most gas turbine combustors is poorly defined, but is dependent upor s.wirl strength and airflow
distribution in the primary zone of the combustor. The combustor liner pressure drop is the
driving force for mixing in the primary zone, and hence, is related to turbulence intensity. The
liner pressure drop for the J57. TF30, and FI() combustors is compared in Table II. Based on t he
liner pressure drop, the turbulence intensity should decrease from the TF30 to the FIMN
combustors, thus increasing the sensitivity to fuel volatility in that order.
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TABLE iI. COMBISTOR 1INER
PRESSURE )ROP

Liner Pressure Drop
at I.T) Condition

Corn buster (all/! '; )
J-57 2.-3
'I'F:m 2.
vIM 1.

The relative effects of' fuel viscositv and volatilitv on combustion efficiency are, ,hown in
Figure :12 (Reference 25). In this case the basis of' comparison is the (.tnitmiistio ,'fi'cienv with
kerosene. Deviat ions from this value relate to density, surface tension. viscositv. and votat lit t for

evaporation-limited systems. The relative effects of volatilitv and iscofsit ' are shown b\i
calculating the efficiency ratio assuming constant droplet diameter. This cirve is shofwn in
Figure 32. Since the effect of viscosity is dependent on the nozzle typJe. nozzle charaic'ierisics
must be incorporated into the calculation of efficienc . In the pressure-atomizing swirl nfzzes ')I
the J157 and "I'F30. the viscosity exponent is 0.20 compared to 0.11 for the FItMt airllast nozzle.
With these viscosity exponents, the relative efficiency curves for .157. TF30. and FtO tf zzles are
shown in Figure 32. The deviation of efficiency frmo unit v along the constant droplet diameter
curve is a measure of fuel viscosit v. while the deviat ifon bet ween this curve and curves Flr airhlast
and pre-;sure-at omi zing nozzles is reflective t' viscisitv effects.

2.0

Air Blast
Atomizer 0

1.6 Swirl
Atomize r

Viscosity

1.2
Volatility1 . .. .. . .

Constant
0.8 Drop Dia

0.4 _
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0 2 4 6 8
FO 160433

Transer No. B .

Figure 32. Effect of Mass Transfer Number on Combustion Efficiency
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Other attempts to incorporate fuel and nozzle effet'Is into correlations of efficiencv and
stability have been made by Colket et alia (Reference 24t0. The basic model of the combustion
process consists of droplet evaporation, mixing, and chemical reaction, each process being
described b'y characteristic times. The droplet lifetime, which is proportional to droplet diameter
and evaporation rate, incorporates both fuel properties and nozzle characteristics. However.
attempts to correlate efficiency data from a disk-stabilized combustor burning a variety of fuels
revealed an apparent independence of efficiency on nozzle and fuel type. Instead. efficiency was
correlated with a parameter proportional to mixing time. In these experiments. comhistor inlet
temperature ranged from 450 to 980F. A stability criterion involving mixing time. droplet
lifetime, fuel ignition delay, and burning time is suggested: however, sufficient data was lacking
to develop a successful correlation.

The complex interaction of the processes of eval)oration, mixing and chemical reaction, and
the effects that fuel properties have on the overall process may be somewhat simplified by
considering premixed combustion systems. Under the Air Force Low Power Emi.,sion Program
(Reference 27), a premixed combustor design was evaluated with both ,JP-4 and ,IP-' fuels. The
carbon monoxide. CO, and unburned hydrocarhons. (TH(. were measured over a range of fuel-air
ratios and with an inlet temperature of 4))0 F at atmospheric l)ressure. Since combustion
efficiency is readily related to these emissions, the higher levels of CO and UIHC found in this test
with JP-5 fuel represent a deficit in efficiency due to the reduced volatility of olP-5. The lean
stability limit with JP-5 fuel was lower than that with oJP-4 which is accounted for in terms of the
volatility difference of these fuels.

In the NASA Experimental Clean Combustor Program. Fuels Addendum (Reference 28, the
effect of fuel volatility and viscosity on combust ion efficiency is also evident. This port ion of the
program evaluated two advanced, low-emissions combustors on .et A. diesel, and home heating
oil. The Vorbix combustor was a two-stage burner wit h a primary zone similar to the .157. TF30.
and FIot combustors. At power settings greater than Idle, both fuel zones were operative. At the
SLTO condition there was no change in efficiency with fuel property variations. At Idle however.
the combustion efficiency decreased slightly for the diesel and No. 2 fuel oil.

As will be discussed in the following section. the proposed changes in this study are expected
to have a minimal impact on combustion efficiency of' the .157. TF30. and Fit}{) combustors.
However, with regard to broadened-specification fuels in general, several conclusions concerning
factors which influence efficiency can be drawn. First. the sensitivity of an individual
combustor's performance in this area is dependent upon design features, such as turbulence
intensity and fuel nozzle type. and on operating conditions. such as combustor inlet temperat ure.
pressure, and fuel-air ratio. The lower the temperature and pressure, the more susceptible the
combustor will be to fuel type. Thus, the 157 should exhibit more dependence on fuel type than
the TF30 and FIN). Fuel nozzles whose performance is sensitive to fuel viscosity will result in a
greater dependence of efficiency on fuel properties. In this case. the 157 and TF3(0 combustors
should exhibit greater sensitivity to fuel properties than the Ft00. Small deficits in fuel vo)laility
can be compensated for by a higher turbulence intensity. This indicates that efficiency sensitivity
to fuel type should increase in the order of 'Flt, .157. and FitM.

Finally, if the fuel does impact the combustion efficiency, it does so through the same
properties which affect ignition: primarily viscosity and volatility. Variations in molecular
structure of' hydrocarbon fuels from petroleum sources do not alter ignition delay times and
chemical reaction rates sufficiently to make these processes limiling in the overall combustion
process.

Based on the difference in combustor operating conditions, the sensitivity of (ocmhustion
efficiency to fuel property effects should be greater in the .157 than the TF3t and FIlttt
combustors.
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Despite the strong influence of fuel viscosity and volatility on emissions of (') and IUH('.
most investigators have chosen to correlate this data with hydrogen content. as shown in
Figures 33 and 34 (References 30 and 31). The data illustrated in Figure :33 were obtained from
tests with a General Electric J79-17A combustor. As shown, emissions levels are low at high-
power conditions, as is the case for the maioritv of conventional combustors including the ,157.
'TIF3, and FIX). As expected, the variation ot(' emissions with fuel hydrogen content is greatest
at idle conditions, and decreases with increasing power levels. Figure :34 illustrates the variance
of both CO and UHC emissions with hydrogen content for a P&WA ,JTS. ) combustor at idle
conditions. A comparison of Figures 33 and :14 reveals that both combustors exhibit
approximately the same sensitivity of' CO emissions to hydrogen content. This is not unexpected

since both combustors are of similar configuration (can-annnular with pressure-atomizing
nozzlest and have similar operating conditions at idle.

The information in Figure 34 can be used to estimate the impact of the proposed fuel
property changes under consideration in this study on combustion efficiency. In Section 2 of this
report, the change in hydrogen content predicted for Case 2 was found to be 0.24 tir the relaxed
JP-4 fuel. and 0.25 for the relaxed JP-8 fuel. Based on these values. Figure :34 indicates an
increase in both El,( and EI1,H, of approximately 0.5 tbm/10(X) bn. Although idle operating
conditions of the JT8D more closely resemble those of the TF30 than the .157, the small
magnitude of' the predicted change in El 0.(, and E1,,, indicates that the relaxed-specification
JP-4 and JP-8 fuels will have a negligible impact on either engine. As mentioned above, the FIt))
combustor is expected to exhibit less sensitivity of combustion efficiency to fuel property changes
than the TF30 and J57 combustors. Therefore. the proposed changes in JP-4 and ,JP-8
specifications should also have a negligible impact on the efficiency of this combistor also.

Emissions

CO And UHC Emissions

Carbon monoxide and unburned hydrocarbon emissions are indicative of' the efficiency of
the combustion process. In fact, the most reliable means of determining combustion efficiency.

, is by using CO and UHC emission data according to the equation (Reference 29)

-lMt) - (EI 0) Qco + (El,,,,) QTH C(22)

Qfu,.i X 10

where EI,0 0 and EItC represent the emission indices of 'CO and IJHC in pounds of emission per

10X0 pounds of fuel, and Q refers to the lower heating value of' the particular species. Thus. the
combustor design features and operating conditions, as well as fuel properties, which affect

combustion efficiency are, by definition, those which affect (O and UHC emissions also.

As with combustion efficiency, the fuel properties affecting CO and UH( emissions are
primarily volatility and viscosity. These fuel properties will have the most significant effect at
engine idle conditions when fuel temperatures and combustor pressures and temperatures are
relatively low. A comparison of combustor operating conditions at engine idle for the FI)t). .157.
and TF30 combustors is shown in Table 12.
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TABLE 12. ENGINE ('OMBUSTOR OP-
ERATING ('ONL)ITIONSt
AT MI)LE ()NDITIONS

Comhustor Engine

Parameter ,J,57 TF31O FI(K)

TI ' F 19.1 ;45 428

P, Ipsian 38 52 6: 3

f/a 0.1b,,.5: b,,., ( 11.0051 0.f151 o.(0)93
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NO, Emissions

The nitrogen oxide emissions. NO., formed from atmospheric N ,. are controlled by the
chemical kinetics of the many reactions that occur within the combustor. One of the first
attempts to explain the mechanism of NO formation was that of Zeldovich fReference :32 who
proposed:

O + N, - NO + N (1) (231

N + O-NO + O (2)

Both reaction (1) and the reverse ofthe (2) have large activation energies which result in a strong
temperature dependence for NO formation.

This reaction mechanism has been expanded and refined to better understand and correlate
NO, emissions from combustion sources. However. the situation is still not completely resolved
in the case of fuel-rich combustion (0>1.2). In this case. predicted values of NO are lower than
experimental values. Several studies (References 3:3 and :34) have shown that in fuel-rich
hydrocarbon-air combustion, the formation of NO, is dependent on the concentration and
molecular structure of the hydrocarbon species. The implication of this result is that the
hydrocarbon fuel, or a fragment of the original hydrocarbon, plays an active role in NO.
formation. Thus, the nature of the hydrocarbon fuel is significant in NO, formation not just that
its combustion provides the high temperature medium for the N2 - 0, reactions. but through its
chemical structure, enters into the reaction mechanism which forms NO,.

Consideration of the detailed mechanisms whereby the hydrocarbon species enter the
N, - 0, reaction scheme is beyond the scope of this duscussion; however, the effect of classes of
hydrocarbon fuels of the flame temperature is readily seen in Figure 35 (Reference 35). This
shows the nondissociated equilibrium flame temperature as a function of carbon number for
several different classes of compounds including paraffinic, olefinic, and single-ring and double-
ring (naphthalenes) aromatics. On this basis alone, NO. emission should increase in the same
order.

The trend toward higher flame temperatures, shown in Figure :15. with changes in
hydrocarbon classes is paralleled by an increase in the number of double bonds in the
hydrocarbon or by a decrease in the number of hydrogen bonds. Thus. hydrogen content
correlates with flame temperature in an inverse manner. This change in flame temperature wit h
hydrogen content of the fuel is evident in NO, emissions from gas turbine combustors,. Figure

36 (Reference 31) shows an approximate 12T increase in NO, emissions from a .TS1)
combustor operated at SLTO conditions when hydrogen content decreased from 14 to 12',. These
data were generated from combustor testing using -let A fuel and blends with .let A of various
single- and multiple-ring aromatic compounds. The inlet temperature at the Cruise condition for
the JTSD is 660°F. while at SLT() it is 825'F. Since the peak temperature acquired in the
combustor is dependent on the inlet temperature, the effect of small changes in the hydrogen
content of the fuel are not sufficient to raise the flame temperature sutfficiently to enhan'e Nt)
formation at lower power conditions. Thus. No, increases wit Ih decreased hVdro gen content are
expected only at the high-power conditions.

The sensitivity of the No. emissions ot the ,157. TF3. and FItMt combostors is exe,(ted ito
be dependent on t he operating cintid its of these conhi 1sti rs. Tahic 1:1 shows the cimim i str
inlet temperat ure. pressure, and ave(rage exit tnemp eratnre fir vach it t h(s, t Ii ree cr'ministors it
t he S,'Il'() condition. I Despite t he wide variation in inlet and exit co iust~or temperatures Ir n
the .15T to 'i) ttimhlustor, here is dimplit o)r ditti,,ll ,;;i'ronnv result inc in stoichion iric flune
temperattres fir soime peri(d of limt, in the prinmr\ ?u-i I each ,f t hisii, Mmfo-tirs, Ilui ,c'ir.

the trend exhibited by the ciimlmhtsi r ilet mid cxii l .mierowt , is xpeidvc ti hi Iparlleled hb
the N(). e lis'.on snshiliit' to hvd , i, ei (i ltc t tit each t t liesc cimltitistii",
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TABLE 13. ENGINE ('OMBIISTOR OP-
ERA'I'NG CONDITIONS AT
THE SLTO THRUST SET-
TING

('om bust or Engine
Parameter J-57 TF3 POO

'l oF 6A) 923 I ,i)4

T,,x ('oF) 1.580 2.250 2.568

'IN (psia s18) 2A) 305

Smoke and Soot Formation

Soot formation in a gas turbine combustor is evidenced in the form t' visible smoke in the
exhaust. Smoke is a relatively pure form of carbon part iculates whose size i, appr ximait ely ocne
micron or less. Carbon particulates of this size form aerosols whose motlion is determined by the
gross flowpat h streamlines in the hot sect ion of'the engine and do not result in erlision of t urbine
airfoil surfaces. In this form. carbon particulate emissions are primarily an aesthetic nuisance.
However, the path of carbon particulates of approximatelv 2tt-25 microns in size throuh the
turbine vane and blade rows is ni longer along the gas path streamlines due io sufficient particle
momentum. The subsequent impact of' these part iculates on the airfoil s trta('e can erode the
surface coating, exposing the base material to oxidation and corrosion. The formation of 'arbon
particulates is dependent, both on the aerodynamics (ot the comhustor flow field and on the
chemical nature of the fuel.

The chemical mechanism for the formation of( carbon particulates is not vet completely
understood. However, there appears to he two mechanisms wherehy soot can he formed which
differ in their kinetic rates depending, in part. on the chemical structure of'the fuel. A simplified
mechanism is shown below (References :36 and 371:

Aromatic Fuel - Iy('lCIic Sowt

('ondensat ion H( i Fais )

Aliphatic Fel H(" Hcdicals Sr...

Fragmentat imi I Slhw)

The paths to soot formation proceed either through pvrolytic fragmentatiin of the fuel
molecules or a condensation react ion involving only aromat ic fuel molecules. The fragment at ion

reaction appears to he kinetically slower than the condensation react ion. Soot format ion from
aliphatic fuel molecules must prceed t hrough the fragmentat ion route. whereas with aromiatic
molecules, the formation can occur through a fast rlute (co ndensation) ot thrcocugh a sIcwer r ttle

(fragmentation). The controlling factor with aromatic species a ppears to he lenliperalure, with
the faster condensation mechanism favored below 2(m)F.
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The soot-forming tendencies of many hydrocarbon fuels have been studied in premixed
laboratory flames for many years. These results generally show the soot formed as a function of
the location in the flame and the oxygen to carbon ratio in the reactant mixture. Figure :37
(Reference 38) shows the variation in soot formed at a given location in the flame as a function
of the number of carbon atoms in the fuel molecule for a series of straight-chain paraffinic
hydrocarbons. It is evident from this figure that the tendency of paraffinic hydrocarbons to form
soot greatly increases with carbon number up to approximately 8 carbon atoms and then tends
to level off. A more detailed view of intermediate species formed in a soot-producing methane-
oxygen flame is shown in Figure :38 (Reference 39). This shows the concentration profiles of
several species as a function of height above the burner for two different CH, - O feed ratios.
These results indicate that ethane is first formed from methane in the reaction zone, and that
ethylene and acetylene are subsequently formed through dehydrogenation with the peak acety-
lene concentration occurring in the oxidation zone. This result also shows the formation of aro-
matic species formed in the soot-producing CH., - 0. flame, suggesting that even with paraffinic
fuels, aromatic intermediate species play a role in the soot-formation mechanism.

If aromatic species are indeed involved to some extent in soot formati on with paraffinic
fuels. t hen it seems reasonable that the firmat iou on soot would plroceed more readilv with huels
of a high aromatic content. Blazowski (Reference 40) has categorized various hiels into three
groups depending upon their sooting tendencies. Stereotypical of each off these grokips are
ethylene. toluene, and methylnaphthalene, which exhibit increasing soot ing tendencis in that
order. The data in this report were obtained in a premixed. iet-stirred react or. which was an
attempt to simulate the strongly hack-mixed conditions in the primary zone of a gas i rbhie
comb ustor. Figure 39 shows the soot production of some of' these compounds as a function o
equivalence ratio at a combustor inlet temperature of 570°F. From the figure it is evident that tihe
tendency to form soot is significantly greater for methylnaphthalene than for the oot her
compounds tested.

Aside from considerations of the chemical nature of the hydrocarbon fuel, the met hod (of'
injecting the fuel into the combustion chamber and the mixing that occurs there is extremely
important in determining if so)ot is formed. For example, the equivalence ratio for incipient soot
firmation for a toluene-air mixture in a laminar, flat flame is 1.34. U1nder intensely back-mixed
conditions, the equivalence ratio can be raised to 1.50 without soot formation ( Reference 40). The
effect of mixing and fuel atomization is shown in Figure 40 (Reference 41) for a kerosene-air
mixture in a swirl-stabilized combustor. This figure illustrates soot production as a f'unction of
equivalence ratio t)r a premixed-prevaporized flame and ftor several cases of" direct fuel injecl ion.
where fuel droplet size was approximately 50 microns. The soot formation from the premixed-
prevaporized flame appears to represent some limiting value, at least foir this part'i:lar
coimbustor. In this case. there is little soot formed below an equivalence ratio of approximatelv
1.3. Above 1.3, however, soot is formed readily. Also. with the premixed-preva)orized fuel-air
mixture, there appears to be little effect of pressure over the range of these data. For the case of'
direct fuel injection, soot is formed at equivalence ratios less then unity, and there apl)ears to he
more scatter in the data with pressure variation.

Anot her invest igat ion ofthe soot ing tendencies of kerosene and the eftect of fuel atomization
was done by Prado et al. (Reference 431. In this case. fuel was injected with i an air-assis noozzlo
direct ly into a swirl-stabilized combustor. By varying the air-assist pressure tot he fuel nozzle. t ho,
atomization ofthe fuel was varied. While no estimate ot' droplet size was made. varying the air-
assist pressure from 15 to 20 psig caused a 501, variation in soot produced at a given dist ance from
the nozzle. with the minimum soiot production corresponding to the highest air-assist pressure. A
comparison of the soot produiced from kerosene and two aroimatic fuels is shown in Figure 41. For
these conditions, the aromatic fuels yield nearly an order of magnitude greater soot )roduction

than kerosene.
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Phenomenologically, the effect of fuel composition on smoke and soot fOrmation has been
investigated in numerous instances. Figure 42 (Reference :11 shows the variation in smoke
emitted from a JT8D combustor operated at the SLTO condition. The fuels tested were primarily
Jet A-based with various single- and double-ring aromatic additives, as well as some shale-based
fuels. The figure shows a reasonable correlation of smoke number with hydrogen content of the
fuel despite the wide range of fuels tested. The effect of combustor inlet temperature is evident
in Figure 43 (Reference 44), which shows parametrically the variation in smoke number with
hydrogen content for temperatures from 3940 K (2500 F) to 6440 K (7(tM)F). The effect of both inlet
temperature and pressure on smoke number is shown in Figure 44 (Reference 45). These data
were obtained from smoke measurements on a Phillips 2-in. combustor operated on JP-5-based
fuels with various single- and double-ring aromatics added. From these data, it is evident that
inlet temperature is the more dominant factor of the two. At a It)F inlet temperature. a
pressure variation from 75 to 225 psia only slighly affects the smoke emission dependence on
hydrogen content, However, at 5000 F, the variation in smoke number with hydrogen content is
greater than at 1000 0F, and there appears to be a slightly higher dependence of smoke number on
pressure.

The susceptibility of the J57, TF30. and FIt) combustors to increased smoke and soot
formation is dependent upon particular design features such as fuel nozzle, swirl strength, and on
operating conditions of temperature, pressure and fuel-air ratio. Since the quality of fuel
atomization affects the soot formation, the reduced sensitivity of the airblast nozzle to increased
fuel viscosity should help to minimize smoke formation for low hydrogen content, high viscosity
fuels. The air which effects atomization in the F100 airblast nozzle results in a more intimate and
rapid fuel-air mixing which also helps to reduce smoke formation.

The tendency to form smoke is strongly dependent upon the fuel loading in the primary zone
of the combustor. A relative measure of this loading is afforded by comparing the axial variation
in the gross equivalence ratio along the borne centerline for each of these combustors. This gross
equivalence ratio is not, of course, the actual "burning" equivalence ratio. However, the extent
to which the gross equivalence ratio is above unity is a relative measure of the propensity for
droplet or diffusive burning, which favors soot formation. In all of these combustors. the gross
equivalence ratio is well above unity in the dome region. However. in the J57. the gross
equivalence ratio drops below unity in approximately 3 in., whereas in both the TF30 and FIlM)
it is not only higher, but remains above unity for 4.5 in.

However, the factors which determine the initial formation of soot in the primary zone are
not necessarily the dominant factors controlling the soot concentration at the exit of the
combustor. Additional oxygen and high temperatures in the seconaary zone of the combustor can
effect oxidation of a large fraction of the carbon particles formed in the primary zone (References
46 and 47). On this basis, the FP1X) and TF30 may have lower net smoke emissions than the .157.
The combination of high temperature and high equivalence ratio in the primary zone and low
temperatures in the secondary zone are likely to result in a greater tendency for the J57 to emit
smoke than for the other combustors.

EFFECT OF FUEL PROPERTIES ON ENGINE DURABILITY

Coking Of Fuel Systems

The increased aromatic content of relaxed-specification fuels is expected to have an impact
on the tendency to form coke deposits in gas turbine fuel systems. This tendency has been
investigated by Lohmann (Reference 10) in reference to the Experimental Reference Broad
Specification (ERBS) fuel.
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Table 14 shows the incremental changes in breakpoint temperature associated with he

change in concentration between the nominal Jet A and ERBS compositions. The increase in the
aromatic content itself is shown to be a major contributor to the reduction in thermal stability.
The naphthalenes contribute less to the change in breakpoint temperature. but because
naphthalene concentrations normally vary with aromatic content, the effects (1f l)(,h of these
components should be considered in combination. The presence of olefins in even low
concentrations has been shown to have a significant adverse effect on thermal stability, and the
relatively small differences in the assumed concentration of this constituent in the nominal
compositions of Jet A and ERBS is shown to have a substantial ef'fect on the b~reakp~oint
temperature computed from this correlation.

TABLE 14. INCREMENTAL CHANGE IN BREAK-

POINT TEMPERATURE FOR VARIOU.S
CHANGES IN FUEL COMPOSITION

Breakpoint Temperature

(om position Increment Relative to
Chfange Relative to Jet A of Table 4-5 Jet A at .5(qF ( K)

Increase Aromatics to ERBS Level .p9
Increase Naphthalene to ERRS Level 4.2
Increase Otefins to ERBS Level 9.4
Increase Sulphur to) 0.t percent . 1.
Increase Nitrogen to .t0 percent 7.s
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To estimate deposit formation rate as a function of temperature, it is necessary to assume
that the formation rate exhibits Arrhenius-type dependence on temperature, and that the
activation energy is known. Data on jet fuel generally indicate an overall mean activation energy
for deposit formation in the range of 10-20 kcal per mole. with values of 15-20 kcal per mole more
likely. Assuming a value of the activation energy of 20 kcal/mole. the temperature dependence of
the coking rate from Jet A fuel has been constructed on Figure 45 using the ERBS fuel breakpoint
temperature. A similar assumption regarding the activation energy for ERRS fuel could be made,
but a better estimate of the coking rate is afforded by making use of the observation that in the
temperature range of 700 to 800*K, many fuels of lower thermal stability exhibit the same coking
rate as Jet A. Proceeding on this basis, and using the above-established coking rate at the
breakpoint temperature of ERBS, a straight line is constructed on Figure 45 defining the
temperature dependence of the coking rate for ERRS. The reduced slope of this characteristic,
relative to that of Jet A, implies a lower activation energy and a weaker temperature dependence.
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Figure 45. Predicted Coking Rates of Jet A and ERBS Fuel
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Based on experience with Jet A fuel, coke formation in fuel injectors, supports and
manifolds is minimal or nonexistent when the wall temperatures of these components are
maintained at temperatures below 375°K. In the context of Figure 45, this implies the
existence of an "acceptable" coke formation rate of about 10' Ugm/cm2 hr. To achieve this
"acceptable" level with ERBS fuel, it is necessary to reduce the maximum fuel passage
temperatures to 3450K. This reduction in allowable surface temperature is about 36% greater
than the difference in breakpoint temperatures and is a consequence of the reduced tem-
perature sensitivity of coke formation of ERBS relative to Jet A.

Based on these observations, the following conclusions and design criteria are derived
relative to the thermal stability of relaxed-specification fuels:

" Coke formation in inactive fuel systems or fuel vaporizers may be sensitive to
the thermal stability characteristics of the fuel. but the extreme thermal
environment may be the dominant mechanism in these situations.

" In active fuel systems, the coking rate has a strong temperature dependence.
The reduced thermal stability of ERBS fuel will require a reduction in surface
temperatures in the fuel system components of about 30°K to achieve the
level of coking protection currently obtained with Jet A fuel.

" Correlation of data on the breakpoint temperature of fuel samples indicates
a strong dependence on fuel composition including both major constituents
and those normally present in only trace quantities. For the particular fuel
samples analyzed, the aromatic, olefin, and sulphur contents were dominant,
while the influence of the nitrogen content was not as severe as anticipated.

As discussed in Section II, the proposed changes in JP-4 and JP-8 fuel specifications are
expected to have a negligible effect on the thermal stability of these fuels. Therefore, these
relaxed-specification fuels should not have an adverse effect on coking in gas turbine fuel
systems.

Combustor Liner

The increase in aromatic content associated with broadened-specification fuels can have a
substantial impact on the radiant heat transfer to the combustor liner because of the increased
concentrations of highly luminous carbon particulates in the combustion gases. This
phenomena is more significant in the primary combustion zone where the carbon concentra-
tions, local fuel-air ratios, and gas temperatures are the highest and have an obvious
interrelation with smoke formation and control. This interrelation is evident from measure-
ments of flame radiation and smoke emissions. Figures 46 and 47 (Reference 48) compare
radiation and smoke emissions from a T-63 combustor as a function of hydrogen-to-carbon
atom ratio of the fuel. With this correlating parameter, radiation and smoke concentrations
exhibit nearly an identical response.

Radiant heat loads to the combustor liner are more commonly correlated with fuel hydrogen
content. Figure 48 illustrates the increase in radiant heat load with decreasing fuel hydrogen
content (decreasing aromaticity) for two full size combustors. the .157 and .179, and two sub-scale
experimental combustors (Reference 49). This figure also shows that the sensitivity or thermal
radiation to variations in hydrogen content is dependent on combustor type. The factors which
influence the sensitivity of thermal radiation to variations in hydrogen content for a given
combustor are essentially the same factors affecting smoke and soot formation: fuel nozzle
atomization quality, swirl strength, fuel-to-air ratio, inlet temperature and pressure, and
primary-zone equivalence ratio. Based on these factors, the impact of low-hydrogen fuels on
thermal radiation is expected to he greatest for the ,157 combustor and decrease with the TF:I0
and FOO combustors.
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The sensitivity of liner temperatures to variations in fuel hydrogen content is also
dependent on combustor type. Several investigators have conducted tests on instrumented,
louver cooled gas turbine combustors using fuels of varying hydrogen content (References :31,
50 and 51). Results of these tests showed that liner temperatures correlate well with hydrogen
content, and increases in liner temperatures, ranging from 25 to I(X00 F were found at high-power
conditions for a decrease in fuel hydrogen content of approximately 1",(. This range in measured
temperature rise is due to a number of factors, including differences in operating conditions,
louver design, and thermocouple locations. Figure 49 illustrates the effect of fuel hydrogen
content on peak liner temperatures in a JT8D combustor (Reference :31). As shown, the
sensitivity of peak liner temperatures to hydrogen content is greater at a lower combustor inlet
temperature (cruise) than at the maximum inlet temperature (SLTO). Blazowski (Reference 52)
has correlated liner temperature rise with hydrogen content for a number of mature combustors
using a liner temperature parameter (LTP). as shown in Figure 50. The LTP represents the
average liner temperature rise relative to a base fuel (.P-4) normalized by the difference between
average liner temperature and combustor inlet temperature for the base fuel. All combustors
represented in Figure 50 are of can annular design and have pressure-atomizing fuel nozzles. D~ata
obtained using several advanced combustors (References 29 and 53) have indicated somewhat
less sensitivity of liner temperatures to hydrogen content. Although the Blazowski correlation is
useful in identifying trends in average liner temperature with decreasing hydrogen content,
several points concerning this correlation should be made. First, unless a means is available for
relating average liner temperature to peak liner temperatures or peak temperature gradients, the
correlation is only valid for predicting trends in combustor durability. Also, while the data scatter
trends to coalesce at high values of hydrogen content, at lower values (below 13%) the data scatter
increases greatly until at a hydrogen content of 11%'i, the data scatter band is 50('C of the
temperature rise parameter. The fact that the data scatter increases with decreasing hydrogen
content indicates that the various combustors exhibit different sensitivities to hydrogen content.

Increases in peak liner temperatures resulting from the use of relaxed-specificat ion fuels
may decrease combustor durability primarily through two types of failure: oxidation/erosion and
low-cycle fatigue (LCF) cracking. Oxidation/erosion occurs when local liner temperatures are of
sufficient magnitude to cause a gradual chemical reaction in which the surface of the liner
material oxidizes, starts flaking, and is removed from the surface by scrubbing of the gas stream.
LCF occurs when axial and circumferential temperature gradients in the liner result in induced
material strains which may exceed the elastic limits of the material at points of maximum stress
and/or temperature. With each cycle in engine conditions, additional strain is incurred until
failure occurs. There are many failure modes for the liner, and each exhibits a dependence on the
total number of cycles and the maximum temperature of the liner in the cycle. This behavior is
shown in Figure 51 (Reference 54) for a typical commercial aircraft engine. The assessment of
combustor liner life in a military engine may be more difficult -since the combustor may he
replaced before failure occurs.

Turbine Airfoils

The use of relaxed -specification fuels may also have an impact on the durability of turbine
airfoils. Airfoil durability is dependent upon metal temperature patterns which can he influenced
by changes in combustor operation characteristics due to relaxed -specifi cation fuels.

As discussed previously, broadened -specification fuels are exp~ected to increase emissions of'
carbon particulates. Heavier carbon particles. usuaglly considered to be those particles having an
equivalent spherical diameter of 20-25 microns or greater. can depart from the gas path
streamlines and impinge upon airfoil surfaces. The impact can erode turb~ine surface coatings and
cause a buildup of carbon material on the pressure sides of turbine airfoils. This causes airfoil

sufctoughness to increase, and thus increases the convective heat transfer to the airfoils.
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There is little data currently available in the literature which can be used to establish a
relationship between particle size distribution and fuel properties. The relatively small changes
in JP-4 and JP-8 fuel properties considered in this study, however, are not expected to increase
the number of large carbon particles by a sufficient amount to decrease turbine durability.

A number of investigators (References 29, 30, and 53) have studied the effect of relaxed-
specification fuels on burner exit pattern factor and radial temperature profiles. Results from
these studies have demonstrated these parameters are relatively insensitive to fuel type.
Figure 52 illustrates the results of tests performed on a ,179 combustor with fuels ranging in
hydrogen content from 12 to 14.5% (Reference 30). As shown, there is essentially no effect of fuel
type on pattern factor at all power conditions. In addition, a recent USAF-sponsored program
(Reference 21) measured the burner exit pattern factor of an F1 00 combustor using both JP-4 and
JP-8 fuels and found no discernible change. The proposed fuel property changes for JP-4 and JP-8
fuels, therefore, are not expected to decrease turbine durability in the TF30. .157, and FIo)
engines by virtue of a change in turbine airfoil temperature patterns. It should he mentioned,
however, that a sufficient change in fuel properties could necessitate increasing the proportion of
burner airflow used for cooling of the combustor liner. If this occurs, changes in burner exit
pattern factors and radial temperature profiles would result, and turbine durability would
decrease. Also, the use of broadened-specification fuels having reduced thermal stability could
lead to a greater propensity for fuel nozzle plugging, which would alter spray patterns and
increase the pattern factor.

The increase in flame luminosity associated with the use of relaxed-specification fuels is
expected to increase the radiant energy incident upon turbine inlet guide vanes. The magnitude
of this increase is expected to be small, however, for two reasons: First, due to high local velocities
at inlet guide vane surfaces (local Mach numbers approach unity), convective heat loads to inlet
vanes are high and account for the majority of the total inlet vane heat load. Second, the viewing
angle of inlet guide vanes to the combustor primary zone (where flame luminosity and radiative
temperatures are highest) is relatively small, especially for can-annular combustor designs. With
regard to viewing angle, the increase in radiant energy incident upon inlet guide vanes due to
increased fuel aromaticity should be greater for the FIOO combustor than for the .157 and TF30.
In Section IV of this report, radiant and convective heat loads to FI0 and ,157 inlet vanes are
estimated and compared to determine the effect of the proposed changes in ,IP-4 and JP-8 fuel
properties.
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SECTION IV

THERMAL ANALYSIS OF F100 AND MATURE (J57) ENGINES

Thermal analyses were conducted for bot h the FI(X)(3) and ,157-59W engines to determine
the effect of the proposed relaxations of fuel specifications on combustor liner and turbine inlet
guide vane temperatures. The procedures used to determine this effect, and the resulting changes
in metal temperatures, are presented in the 0lhOwing sections.

COMBUSTOR THERMAL ANALYSES

Thermal Model

The thermal model used in this study is part of a comprehensive liner design computer
program developed by Pratt & Whitney Aircraft (P&WA) to predict pressure losses, airflow
distribution, hot gas temperatures, and metal wall temperatures for gas turbine comhustors. The
program can be used for combustor design purposes, or to study the effects of modifications or
changes to burner geometry and operating conditions on existing combustors. The computer
program is functionally divided into two parts: a flow model and a thermal model. The flow
model calculates the pressure distribution around and within the combustor and the proportional
airflow rates for the burner front end, cooling holes, and dilution holes. The thermal model then
uses this information to determine hot gas parameters along the burner centerline, and to
calculate metal temperatures along each combustor cooling panel.

The program uses three coordinate systems to perform the necessary computations.
Combustor geometry, either annular or can-annular, is input in terms of the engine centerline
coordinate system. The burner centerline coordinate system is used to define the flowpath, and
all hot gas parameters are calculated as a function of distance along the burner centerline.
Finally, a cooling panel coordinate system is used to obtain liner metal temperatures as a
function of distance along each panel.

Metal temperatures are calculated at several locations along each panel by performing a
heat balance on an incremental area corresponding to each location. Referring to Figure 53, a
sketch of a typical louver-cooled combustor liner section, the following components are
considered in each heat balance:

• Radiative heat transfer from the hot gases to the louver wall, Q,,
* Convective heat transfer from the hot gases to the louver wall, Q,.1
* Radiative beat transfer from the louver wall to the shroud wall. Q,2
* Convective heat transfer to the shroud air flow. Q.2

Equating the heat addition over an incremental length to the heal loss yields

QR1 + QC, QR2 + QC.2  (24)

Since each of he heat flux terms or Equation 24 is dependent upon the louver wall temperature.
an initial guess of the temperature must be made, and the heat balance equation is solved
iteratively at each location.
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T1he increase inl aromaticity associated with relaxed specification fuels has the r)rfnalr%
effect of increasing the radiant heat load from the hot gas to the louver walls. Alt hough specified
fuel properties cannot he input directly to the liner design program. the effect of fuel propert ies
on Qcan be evaluated using a luminosity factor, a parameter which indicates the ratio oj
luninous to nonluminous flame radiation. '[he dependence of' thermal heat loading on flamec
luminosity may he shown by examining the equations used to calculate the Q1, heat flux
component as follows:

where

Oh=Stefan -Boltzmann constant, t0.171:3 X j()-
8 

Bu/ft2-hr-oH

=Emissivity of the liner wall
=Absorptivity of the hot gases

Emissivity of the hot gases
T,=Hot gas temperature
1.=Liner wall temperature.

Hot gas emissivity and ahsorptivity are found using the fllowing equations

=I-EXP -18.26 PI BI 1/ ( 26it

I - EXP -18.26 Tf (~/ 1}t271
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where

P = Combustor pressure
L = Luminosity factor

BL = Beam length
f/a = Fuel-air ratio
T, = Hot gas temperature
Tw = Liner wall temperature.

From Equations 26 and 27, it is evident that an increase in the luminosity factor results in an
increase in hot gas emissivity, which acts to increase the radiant heat loading, and an increase in
hot gas absorptivity. which acts to decrease the radiant heat loading. The change in the net heat
transfer to the liner wall by virtue of radiation can he examined by defining a variable / such that

PL /BLI~ \/a

= 18.26 y-( ! T ), (28)

where

T, = Hot gas or liner wall temperature.

The variation of hot gas emissivity with k1 is then shown in Figure 54. As is shown, both
absorptivity and emissivity asymptotically approach unity as 03 is increased: however, the
sensitivity of either hot gas absorptivity or emissivity to changes in d decreases as the magnitude
of 3 is increased. Therefore, since the flame temperature is always greater than the liner wall
temperature at a given location, an increase in luminosity yields a greater increase in emissivitv
than absorptivity, and the net radiant heat load to liner walls is increased.
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Figure .54. Variation in Flame Emissivity With 0
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The liner design program was used to predict liner wall temperatures for both the FI0(3)
and J57-59W combustors at four engine operating conditions. These operating conditions are
shown in Tables 15 and 16 for the FI00 and J157 combustors. respectively. At each power level,
liner temperatures and radiant heat loads were found for luminosity factors ranging from 1.0 to
1.6. A sample of the results of these computer runs is presented in Figures 55 through 62 for sea-
level-take-off (SLTO) operating conditions. Individual louvers are identified as either II) or 01).
and are numbered sequentially for each burner beginning with the first upstream louver as
indicated in Figures 63 and 64. Referring to Figures 55 and 56. the peak louver temperatures for
J57 louvers located in the primary zone exhibit a greater sensitivity to changes ioa luminosity than
do downstream louvers. Radiant heat loads corresponding to these peak liner temperatures also
exhibit similar behavior, as shown in Figures 57 and 58 for several II) and 01) louvers. The
sensitivity of peak louver temperatures and radiant heat loads to changes in luminosity for the
FI00 combustor, however, remains essentially constant regardless of louver location, as shown in
Figures 59 through 62.

TABLE 15. FIMX(3) OPERATING CONDITIONS

Burner Inlet Inlet
Airflow Pressure Temperature f/a

Setting (/bjsec) (psia) (*F) (Ibmdrb,.)
Idle 32.65 6.3.01 428 0.(93
Cruise 71.77 189.40 960 0.0215
SLT1O 135.51 366.29 1,027 0.0210Dash 10.9 271.61 1,149 0.0193

TABLE 16. J57-59W OPERATING CONDITIONS

Burner Inlet Inlet
Airflow Pressure Temperature f/a

Setting (1bh/sec) (psia) (*F) (Tm,/ mTh)

Idle 48.0 :38.2 194 0.X)50
Cruise I* 53.12 49.6 449 (.0102
Cruise 2* 77.4 74.9 535 0.0118
SLTO 174.0 180.0 680 0.0139

*Engine operating conditions with (Cruise 2) and without
(Cruise 1) payload.

Computational Procedure

After using the liner design program to determine varations in liner temperatures and heat
loads with luminosity, a three-step procedure was employed to predict changes in liner
temperatures resulting from the relaxed specification fuels. First, changes in fuel hydrogen
content corresponding to the proposed changes in fuel specifications were found for each fuel as
discussed and presented previously in Section 2. Next, t he changes in fuel hydrogen content were
used to assess an increase in the radiant heat load to the combustor liners. This was accomplished
using Figure 6,5. This data was obtained from radiation measurements on a .157 combustor
operated at a scaled cruise condition (inlet pressure of 69.1 psia) using fuels ranging in hydrogen
content from approximately 9 to 16%. The relationship between hydrogen content and radiant
energy, shown Figure 65. found in these tests was

Qj, = 334,830 - 17.333 H (B/hr-ft2 ) (29)

As applied to the procedure used in this study, only the sensitivity of Q, to hydrogen content was
used, and thus the requisite equation is

AQ,= -17,333 AH (B/hr- ft62)  (30)
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To date, no measurements of radiant heat loads in the FI(}) combustor have been obtained for
fuels with varying hydrogen content. However. as discussed in Section i11. the FIt) combustor is
expected to exhibit less sensitivity of radiant heat loads to hydrogen content than the .157
combustor. Therefore, Equation 30 was used to implya change in radiant heat load for both the
J57 and F100 combustors. The third step in the procedure was to add the increase in radiant heat
loading found from Equation 30 to a base value of Q,, found using the liner design program.
Then, a new luminosity factor, and the corresponding liner temperatures were found. Base values
of Qa, were taken to be at a luminosity of 1.4. This value of luminosity has been shown to yield
good agreement between measured and predicted liner temperatures. Inspection of Figures 55, 56,
59, and 60, however, reveals that the choice of a base luminosity has a negligible effect on the
change in liner temperatures resulting from a given change in luminosity, since the slope of each
individual curve is essentially constant in the range of 1, = 1.0 - 1.6. 11 should be mentioned that
base values of Qo used were not average values found for the liners. An average value of Q,
would include radiant heat loads calculated for portions of the liner that are shielded by louver
lips and portions of the liner downstream of the primary zone, which are influenced only slightly
by changes in luminosity. Instead, base values of Qa, used in the procedure correspond to peak
temperatures found in the primary zone of each combustor.

Calculated values for the increase in radiant heat loads are presented in Table 17. Values for
both Case I (corresponding to a change in fuel properties from average or typical values to current
specification limits) and Case 2 (corresponding to a change in fuel properties from average or
typical values to the proposed specification limits) are shown. Luminosity values are given in
Table 18 for both combustors, both fuels, and Case I and Case 2 conditions. As shown, the
changes in radiant heat loads for JP-4 and JP-8 under Case 2 conditions did not differ
significantly, and luminosity values for the two fuels are equal,

TABLE 17. CHANGES IN HYDROGEN CON-
TENT AND LINER RADIANT HEAT
LOAD

JP-4 _________

..H Q ,..1H At,1"
('i by Wgt) (B/hr-lt') (' by Wgt) (B/hr-ft')

Case 1 -0.18 3,120 -0.14 2.430
Case 2 -0.24 4,160 -0.25 4,330

TABLE 18. EFFECT OF RELAXED
FUEL SPECIFICATIONS ON
LUMINOSITY

F10(3) J57-59W
JP-4 JP-8 J1-4 JP-8

Base 1.40 1.40 1.40 1.40
Case I i.44 1.43 1.48 1.47
Case 2 1.45 1.45 1.51 1.51
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Results

The increase in average liner temperature resulting from a change in fuel properties
corresponding to Case 2 conditions is shown plotted against combustor inlet temperature in
Figures 66 and 67 for the J57 and FIO0 combustors, respectively. As shown, the thermal model
used in the analysis predicts that the maximum increase in average liner temperature occurs at
SLTO operating conditions for the J57 combustor, and at cruise operating conditions for the FIN)
combustor, Therefore, the effect of increasing luminosity (increasing fuel aromaticity) is greatest
in the J57 combustor at engine operating conditions which result in the highest average liner
temperature. This indicates that a given decrease in fuel hydrogen content will have a greater
impact on liner distress problems in the 157 combustor than in the FlO) combustor.
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8
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0
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FD176134

Figure 66. Increase in Average Liner Temperature Resulting from a Change in
Fuel Properties Corresponding to Case 2 Conditions vs Inlet Tem-
perature in a J57 Combustor
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Figure 67. Increase in Average Liner Temperature Resulting from a Change in
Fuel Properties Corresponding to Case 2 Conditions vs Inlet Tem-
perature in an FIOO Combustor

Increases in average liner temperature may also be expressed using a dimensionless liner
temperature parameter (LTP) defined as

LTP = TL - (TL' (31)
(TL)b - Tin

where

TL - (TL)t, = Increase in liner temperature relative t( the base fuel
(TI)b = Average liner temperature with the base fuel

Ti, = Combustor inlet temperature.

The liner temperature parameter has been used successfully by Blazowski (Reference 52) to
correlate increases in liner temperature with fuel hydrogen content for a number of mature engine
designs, including the J57. Values of uTP for the J57 and FI(O) combustors were calculated using
the average liner temperatures predicted by the liner design program for Case 2 fuel property
changes. These calculated values are shown in Tables 19 and 20 for each engine power level, liner
temperature parameters at cruise conditions (Cruise 2 conditions for the .157 comhustor) are
compared with the Blazowski correlation in Figure 68. All data shown in Figure 68 is based on
JP-4 fuel with a hydrogen content of 14.5Vi.
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TABLE 19. CALCULATED LINER TEMPERATURE
PARAMETERS FOR THE F1E)((3) COM-
BUSTOR

Power Level LTP
Idle0.4

Cruise 0.0

SLT() 0.004
Dash 0.003

TABLE 20. CALCULATED LINER TEMPERAruRE.
PARAMETERS FOR THE J57-59W COM-
BUSTOR

Pow~er Level LTP
Idle ().(09I

Cruise 1 0.0131
Cruise 2 0.026

SLTO 0.023
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Fuel Hydrogen Content, Weight Percent FO163

Figure 68. J57 Liner Temperature Parameter at Cruise Condition Compared
With the Blazowski Correlation

'rhe LTP calculated for theJ.57 comhustor shows excellent agreement with data correlated
for t he mat ure combustors. The calculated LTP for t he Flt)M comnhustor. however, indicat es t hat
a decrease in fuel hydrogen content has a much smaller effect on FIN)t liner tempert tires than (in
mature engine liner temperatures. This difference is not unexpected, however. since results of a
recent Air Force sponsored program (Ref'erence 5-5) indicated tha. no increase in liner
temperatures resulted from operation of' an FINM) engine on both IlP-4 and -let A fulels. The
difference in fuel hydrogen content between .IP-4 and -let A fuiels is approximately t0.6',, its
compared to the difference of 0).24 to 0).25''e resulting f'rom t he proposed changes in the .111-4 and
.JP-8 fuel specifications being considered in this st udy.
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Increases in the average temperatures of individual louvers at SLTO operating conditions
due to the relaxed specification fuels are shown in Figures 69 and 70 for the .157 comhustor, and
in Figures 71 and 72 for the FI00 combustor. Both Case I and Case 2 fuel prolperty changes are
illustrated in these figures. As mentioned previously, overall (Case 2 changes for both ,IP-4 and
,JP-8 fuels yield the same effect on liner temperature increases. However. Case I changes in liner
temperatures are not equal. The difference between average .JP-4 fuel properties and current ,JP-4
specifications accounts for approximately ,0(, of the overall liner temperature rise, while the
difference between typical JP-8 fuel properties and current .IP-8 specifications accounts for
approximately 60"( ofthe overall liner temperature rise.

Predicted increases in peak louver temperatures for the .157 and FI(M) combustors are shown
in Figures 73 through 76 at SLTO conditions. Again. the effect of' both ('ase I and Case 2 fuel
property changes is illustrated. Increases in peak louver temperatures are approximately 50 to
6011 greater than average louver temperatures for both combustors.

A comparison of the predicted increases in ,157 and Fit0 louver temperatures shown in
Figures 69 through 76 indicates that an increase in fuel aromaticity will have a much more
pronounced effect on liner durability problems with the 157 combustor than with the FIlx)
combustor. This is particularly evident in louvers located near the primary 'one of the .157
combustors. Increases in peak louver temperatures in the primary zone of' the .157 combustor are
approximately 7) to 270% greater than the overall liner temperature increase. Increases in I'ltW)
liner temperatures, on the other hand. are fairly uniform with axial distance along the combustor.

TURBINE THERMAL ANALYSIS

As mentioned previously in Section 11, the use of the relaxed specification JP-4 and JP-8
fuels in gas turbine combustors is not expected to change combustor exit temperature pattern
factors or radial temperature profiles. Therefore, the turbine thermal analysis performed in
this study was limited to a determination of the effect of increased hot gas luminosity on inlet
guide vane radiant heat loads and surface temperatures. Radiant heat loads to turbine inlet
guide vanes are not normally considered to have a significant impact on turbine durability.
Due to high local velocities at inlet vane surfaces (local Mach numbers approach a value of
1.0), convective heat transfer coefficients, and thus convective heat loads, are high. In addition,
flame-to-inlet vane viewing angles (especially in the case of can-annular combustion systems)
are relatively small. Therefore, radiant heat loads account for a small portion of total inlet
vane heat loads.

This fact is indicated by Figures 56, 57, 61, and 62, where it is shown that radiant heat loads
to aft combustor louvers are much smaller than those found for upstream louvers and. in
addition, exhibit less sensitivity to increases in flame luminosity. The thermal analysis performed
in this study, although non-rigorous in nature, is intended to estimate the approximate values ol
radiant and convective heat loads on inlet guide vanes for the 157 and FIIX) combustors., and to
further illustrate the negligible effect of increased flame luminosity on surface temperatures.
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Procedures and Basic Assumptions

Estimated values for radiant and convective heat Ioads to the inlet guide vane were
calculated for bt)th engines at SLTO operating conditions. A luminositv factor of 1.4 was used to
establish base radiant heat loads, and luminosity factors i 1.45 and 1.51 ('ase 2 (ondit ionsl were
used to establish radiant heat loads corresponding to the relaxed specifica(ion hels for the Fl t)
and J57 inlet vanes, respectively.

Radiant heat transfer to inlet guide vanes was found using the following equation:

OQaH h A,% F(, v 2 ' 4 , '. 'I' 3

where

47. h :Stefan-Boltzmann constant. (.1713 '( t10 "t u/.fthr-oi?
A,, = Inlet vane surface area
F-iv = Radiation shape factor from radiating gas to inlet vanes
(IV Emissivity of inlet vanes (assumed equal to ).8)
R = Emissivity of hot gases

a = Absorptivity of hot gases
to = Hot gas temperature
TrI = Inlet vane temperatures.

Hot gas emissivity and absorptivity were found using the correlations shown previouslv in
Equations 26 and 27. with the exception that T'. was used in place of 'l'w in Fquation 27.

The major assumptions involved in calculating .alues for IQH)Iv were:

* Average radiation shape factors were calculated midway between the front
end of each combustor and the inlet guide vanes

* Hot gas temperatures were assumed to be the peak flame temperature found
to occur in the primary zone (predicted using the liner design program)

" Attenuation was neglected

" Inlet vane surface area was assumed to be the annular area of the vanes
projected in a plane perpendicular to the engine centerline.

Based on the assumptions listed above, calculated values of the inlet vane radiation loads
represent conservative estimates.

Calculated radiation shape factors from the combustor h t gases to the inlet vanes were
found to he 0.20 and 0.04 for the FI) and ,157 engines, respectively. The Fli)annular combustor
design allows inlet vanes to have a greater view of the flame than the can-annular design of the
157 combustor, where most of the radiant energy is transferred too comnlstor walls and transit im
duct.

Convective heat loads were determined using the following equation:

I IT --r
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where

As = Surface area of the inlet vanes (concave or pressure sides only)

hes, = Average convective heat transfer coefficient on the concave side of the
inlet vanes.

Inlet vane convective heat loads were assumed to remain constant with the changes in
luminosity used in the analysis. As will be shown later, temperature increases due to a change in
luminosity are negligible, and the assumption of constant Qc does not introduce any significant
error into the analysis method. Typical values used for the convective heat transfer coefficient in
Equation 33 are 550 B/hr-°F-ft2 for the F100, and 500 B/hr-°F-ftz for the J57. Average vane
temperatures used in Equation 32 (and 31) were approximately 1900'F and 1400°F for the FI{0
and J57, respectively.

Results

Results of the inlet guide vane thermal analyses for both engines are summarized in
Table 21. As was expected, radiant heat loads are small in comparison with convective heat loads,
accounting for approximately 8% of the total heat load to FIOO inlet vanes, and approximately
2.5% of the total heat load to J57 inlet vanes. Increases in the total inlet vane heat loads due to
a change from average of typical fuel properties to properties corresponding to the proposed fuel
specifications (Case 2 conditions) were found to be insignificant, with values of less than 0.2"1 for
either the F100 or J57 engine. Therefore, changes in inlet guide vane surface temperatures are
negligible, being less than 1°F.

TABLE 21. INLET GUIDE VANE HEAT LOADS AT SLTO OPER-
ATION CONDITIONS

Luminosity QH Qc QT QR/ Increase in
Engine Factor (B/hr) (B/hr) (B/hr) QT QT ()

F100(3) 1.40 48,340 555,560 603,900 0.080 -

1.45 49,390 55.,50 604.950 0.082 0.17

.157-59W 1.40 7,980 326,300 334,280 0.024 -

1.51 8,290 326,300 334,590 0.025 0.09
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SECTION V

COMBUSTOR AND TURBINE LIFE PREDICTIONS

COMBUSTOR LIFE PREDICTIONS

Increases in F100 and J57 liner temperatures, presented in Section IV. are not of sufficient
magnitude to result in predicted peak or average louver temperatures excessive enough to yield
oxidation/erosion problems with Hastelloy-X liner materials. The thermal model used for the
analysis, however, does not predict local peak temperatures which occur due to circumferential
nonuniformities in the combustor flow field (hot streaks) or variations in the combustor geomet ry
such as crossover tubes or igniters. Therefore, to determine the effect of relaxed fuel specifications
on combustor life, the predicted increases in liner temperatures were applied to areas of distress
known to exist from field experience in the .J57 and FI(M) combustors.

It should be emphasized that the following life predictions for the .157 and FItM) combustors
do not represent results of in-depth analyses. The study was made based on limited existing
information that relates changes in metal temperature and estimated life and should he
considered to be engineering estimates only.

F100(3) Combustor Life Predictions

The FI(0 combustor life is currently limiled by circumferential cracking in the 5th to 6th 11)
louver seam weld caused by low-cycle fatigue (LCF). ISF results from cyclic expansion and
contraction of the combustor liner during engine operation. Initiation of cracks occurs at locations
in the liner where high stress exists due to temperature gradients. This location is usually at the
seam weld between two adjacent louvers, as shown in Figure 77, where a relatively large
temperature gradient (approximately 2() to 400°F) exists between the louver wall and knuckle.
At high-power conditions, the stress concentrations in the vicinity of the seam weld are well above
the yield strength of the material causing plastic deformation with each cycle. Cracks initiate in
the weld material, go through the wall. and then grow circumferentially. The FI(O combustor can
continue to operate with large cracks of cumulative length up to two-thirds ot the circumference;
in terms of useful service, this results in a 36-in. total crack length.

Seam Weld
Seam eld-- // "Cold" Knuckle

High Bending Stress-, Cooling Air

Thermally Deflected Shape
of F100 Louver (Lot III) - /

Lip -

FD 176402

Figure 77. Linear L(cation of High Stress I)ue To Temperature' (Gradient.s

188



Referring to Figure 77, the louver lip is exposed to the flame, acting as a radiat ion shield for
the knuckle. The temperature of louver cooling air (entering in the vicinity of the knuckle)
remains essentially constant with changes in fuel properties. Therefore. an increase in flame
luminosity increases the hot louver wall temperature but not the knuckle temperatire. This
increases the thermal gradient causing higher bending stresses in the seam weld. A life effect
est imate was made based on previous paramet tic life st udies oft he FI ) burner which provides
a relationship between combustor metal temperatures and comhustor life (crack initiation). As
shown in Figure 78. a change in flame luminosity 'from 1.41 to 1.45. corresponding to the efl ect of'
the proposed relaxations in ,IP-4 and ,IP-S fuel specifications, causes a -0 F increase in the hot
louver wall temperature at SLTO conditions. This yields a decrease in predicte'd li'e to crack
initiation of approximately 2"1. But since the combustor is actuallv allowed to crack tip Io 36 in.,
this 2'; decrease is only part of the overall life effect. To estimate the effect of increased
temperature (stress) on combustor useful service life i.e.. life to a I3.-in. crack), it was assumed
that the higher tUmperatures affect the initiation and propagation lives hy the same amount. This
assumption is partially supported by AMT and field data which indicates that the time to
initiation is approximately the same as the time required to grow a cumulative crack length of'
:16 in. 'l'herefore. the relative life vs huminosit v relationship of' Figure 79 applies to ovorall life as
well as initiation life. It should he mentioned that no design analysis met hod current Iv exists fiur
predicting crack growth (time beyond initiat ion) in combustors.

J57-59W Combustor Life Predictions

Results of the thermal analysis indicated that relaxed fuel specifications wotild have a
greater impact on durability of the ,157 combustor than on the FIMt) combustor. However. the .157
burner is not life limited to the same extent as the FIOO. The .157 louvered combustor cans can
be weld repaired and have individual louvers replaced as often as required and are generally not
considered to be a problem area. As a result, baseline life for the .157 combustor cannot l)e
determined. In addition, the ,157 combustor environment is less severe than the FIt.) at least for
the current transport engine application (KC-1I35A) under consideration, and the 157, burner

average liner temperature is approximately 350'F cooler than tor the FItI) (a SLTO conditions).

The distress feature that most often occurs in the 157 is erosion of the crossover tube hoss
("armpit" burn), illustrated in Figure 80: secondly, circumferential cracking occurs at louver
seam welds. The increase in temperature due to luminosity would cause cracks to start sooner.
and thus. be larger when repaired at scheduled overhaul periods, but such earlier cracking should
not drive the engine to shorter overhaul periods due to the relatively easier combustor
environment and the relatively small increases in temperature.

The majority of cracks, when they occur. are at the 9th 01) louver seam weld which was
taken as the characteristic location for the crack life estimates presented herein. The increase in
luminosity from 1.40 to 1.51, (orresponding to the effect of the proposed fuel specification
relaxat ions, causes a 6.5'F increase in hot louver wall temperature at tie 91 h louver seam weld,
as shown in Figure 81. This causes higher stresses and reduced time to crack initiation by
approximately 4.5"', as shown in Figure 82.

Tlhe higher temperature should also cause greater crack growth. Somne crack growth data for
a .157-P420 engine, a Navy F-8 fighter engine which runs hotter (burner exit temperat ,re is
approximately 2(X0 F higher at SU() conditions), were correlated with the J)59\' lelperattires
and stresses (conservative). The correlation yielded an estimated 2.5', devrease in c'vch's t(t a
2-in. crack size at a luminosity of 1.51 (Figure 82). Since the tethnical order (T'".O. 2.1_157 -56
requires all cracks to be repaired no matter how small, the crack growt I data analysis inidicat es
that growt h should not be significant ' y affected by increased lninsit y (tein perat ure), and thus.
should not cause any additional Failure modes.
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Figure 80. Severe Erosion of Cross-Over Tube Boss in J57 C'ombustor
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Figure 81. Increase in 9th Louver Temperature Gradient With Luminosity for
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Figure 82. J57 Burner Estimated LCF Crack Life Ratio vs Luminosity

Increased erosion of the crossover tube boss could be more of a concern than cracking,
because the uncooled boss, which is already at a relatively high temperature. is located near the
main undiluted combustion zone and is more greatly affected by the large radiant heat load in
that area which could cause as much as a 25-deg increase (predicted) in T,,. at STO. Exact
metal temperatures of the crossover tube boss were unavailable, as was the mission (classified).
making erosion life estimates difficult. However, depending on the metal temperature and based
on available erosion data, a 25-deg increase in Tm,,t,, at SLTO (which would govern erosion life)
could mean a life decrease of from 8 to 25((' at 1,=1.51 (Figure 83). It should be mentioned that
even this may not be a major concern since this part can also be easily replaced.

TURBINE LIFE PREDICTIONS

Three effPcts of relaxed specification fuels were considered with regard to turbine life:
(1) increases in combustor exit temperature pattern factor and radial profile. (2) increases in
radiant heat loading on inlet guide vanes, and (3) increases in particulate size. Based on available
data found in the literature, burner exit pattern factors and radial profiles are not expected to be
affected by relaxed specification fuels. The results of the inlet vane thermal analysis. presented
in Section IV, indicated that increases in inlet vane temperatures would be negligible. There is
insufficient data in the literature to determine the impact of fuel property changes on particulate
size distribution, however, the changes in fuel properties under consideration in this study are
expected to have a negligible effect on particulate size. Therefore, no reduction in turbine life is
predicted due to the proposed fuel specification relaxations.
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SECTION VI

PHASE I SUMMARY AND CONCLUSIONS

The overall objective of the Phase I effort was to assess the impact of broadened-
specification fuels on the performance and durability of gas turbine engines used in ISAF
aircraft. The various engine related parameters addressed in t his phase oft he program included
ignition characteristics, combustion efficiency, emissions, thermal loads. burner exit temperature
distribution, erosion, and coking of the fuel system. The sensitivity of these parameters was
discussed with regard to broadened-specification fuels in general. and with regard to the proposed
relaxations of current JP-4 and JP-8 fuel specifications shown below:

JP-4: 14°F increase in freezing point
25°F increase in final boiling point

JP-8: 18'F increase in freezing point
25°F increase in final boiling point
2 mm decrease in smoke point

A fuel characterization study was performed to determine the effects of the proposed
changes in JP-4 and JP-8 fuel specifications on fuel hydrogen content. Through the use of
interproperty correlations, it was determined that a change from current 1JP-4 and .IP-8 fuel
values of final boiling point and smoke point to the proposed specification limits will decrease
current fuel values of hydrogen content by 0.25 ("( by weight). In addition, changes in other fuel
properties, including volatility, specific gravity, viscosity, and thermal stability, implied by the
proposed changes in .JP-4 and JP-8 fuel specificat nis were estimated.

A literature sarvey was conducted to relate the chemical nature and physical properties of
fuels to the engine related parameters mentioned previously. The impact of various fuel types on
engine performance and durability was qualitatively discussed relative to three UISAF engines:
the F1(0, the TF30, and the J57. Whenever possible, estimates as to the extent of this impact
were made utilizing the various fuel property changes determined in the fuel characterization
study.

Thermal analyses were performed to analytically determine the effect of the proposed
relaxations of JP-4 and JP-8 fuel specifications on combustor liner and turbine airfoil
temperatures in two USAF engines: the ,J57-59W and the FI00-PW-100. Increases in radiant
heat loads to these engine components were found using the estimated change in fuel hydrogen
conter.t determined in the fuel characterization study and available data in the literature
relating fuel hydrogen content and radiant heat loads. Increases in average liner temperatures
resulting from the use of the relaxed specification JP-4 and ,JP-8 fuels relative to current ,JP-4
and JP-8 fuels were found to be approximately 9°F for the J57 combustor and approximately
6F for the Fl00 combustor at sea level takeoff operating conditions. Increases in turbine
airfoil temperatures were found to be negligible for both engines. The results of the thermal
analyses were used to predict the corresponding impact on combustor life for the two engines
considered. The major findings and conclusions of the Phase I effort with respect to durability
and performance are given below.

D Durability

- The FIN) combustor baseline life with current 11P-4 and ,IP-8
fuels will he reduced by approximately 2'+ (or lessf when
using the relaxed specification .IP-4 and .IP-8 fuels.
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The J57 combustor is not life-limited to the same extent as
the FI(X) combustor. Individual louvers are repaired and
replaced as often as necessary. and a baseline life cannot
readily be established. However, as a result of using the
relaxed specification fuels relative to current fuels, crack- in
the combustor liner will initiate approximately,4.5'r (or less)
sooner, and have approximately a 2.5(' (or less) faster growth
rate. In addition, the erosion rate in the vicinity of the cross-
over tubes may increase by as much as 25"(, depending on
the exact KC-135 mission profile (classified).

- The relaxed specification JP-4 and JP-8 fuels are expected to
have no impact on turbine durability in the F10) and .157
engines relative to current ,JP-4 and JP-8 fuels.

The proposed relaxations of JP-4 and JP-8 fuel specifications
are expected to have a negligible effect on fuel thermal
stability. Therefore, coking of engine fuel systems should not
increase.

0 Performance

The relaxed specification JP-4 and ,JP-8 fuels are expected to
have no impact on engine performance, with the exception of
ignition capability, relative to current JP-4 and JP-8 fuels.
The higher viscosity and lower volatility of the relaxed
specification fuels may have an adverse effect on ignition
capabilities when fuel and/or air temperatures are relatively
low (cold-day ground starts and altitude ignition). The
extent of this effect depends on both operating conditions
and the particular engine employed, and cannot be predicted
due to a lack of pertinent data. However, the incremental
effect of the relaxed specification fuels on ignition
capabilities relative to current JP-4 and JP-8 fuels is
expected to be less than the incremental effect associated
with the use of JP-5 relative to JP-4 fuel.
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SECTION VII

RECOMMENDATIONS

Based on the findings j)f the Phase I effort, the following recommendations for fut ure fuel-
related studies are made:

Experimental programs should be conducted to determine the impact of fuel
type on engine operation characteristics. Actual engine components should be
employed in these programs. and the effects of fuel types exhibiting variances
in both chemical and physical properties should be studied with regard to
individual components and fuel-related parameters. Areas in particular need
of further research include

- The effects of various physical and chemical fuel properties
on carbon particulate formation. and the resulting deposition
of these particulates on combustor liners and turbine airfoils.
Emphasis should be placed not only on total particulate
loading, but also on particulate size distribution and its
impact on combustor and turbine airfoil erosion tendencies.

- Fuel thermal stability and its relation to coke formation in
actual engine fuel systems.

- The effect of fuel types on augmentor performance and
durability.

* If the current trend in decreased hydrogen content of jet fuels is expected
to continue, programs directed towards developing improved-durability
combustor liner designs should be conducted. It should be emphasized that
increasing the percentage of total burner airflow used for liner cooling is
not a desirable means of compensating for higher radiant heat loads.
Increasing liner cooling flow adversely affects burner exit temperature
distribution with a resultant decrease in turbine durability.

0 Several advanced combustor designs (References 29 and 5:1) have exhibited
less sensitivity of liner temperatures to variations in fuel hydrogen content
than conventional combustor designs. Therefore, programs should be
conducted to experimentally develop combustors which exhibit low sensi-
tivity to fuel hydrogen content for possible retrofit into tISAF engines.
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INTRODUCTION

In May 1978, Douglas Aircraft Company received a contract (USAF Contract 33615-78)
from the Air Force to study the effects of broadening the specifications for JP-4
and JP-8 fuel on the performance and cost of all USAF aircraft presently using JP-4
as well as those expected to be introduced into the force structure by 1983.

Phase I of this study was to determine analytically the effects of these
specification changes on minimizing fuel cost and maximizing the fuel availability!
flexibility without degrading performance, safety, and survivability/vulnerability.

The following property changes were to be considered:

Grade JP-4: Freeze Point + 140F
Final Boiling Point + 250F

Grade JP-8 Freeze Point + 18OF
Final Boiling Point + 25OF
Smoke Point - 2 mm

Union Oil Company was chosen to study the property variation effects on fuels,
Pratt & k~itney Aircraft Group studied the effects on engines, and McDonnell
Douglas studied the effects on the airframe.

First, it was necessary to determine a realistic minimum ambient air temperature
envelope that the study airplanes would be subjected to. The MIL-STD-210B
one-day-per year risk minimum temperature was used for this purpose.

It was beyond the scope of this program to study all of the airplanes in the Air
Force inventory, therefore several of the "high fuel user" airplanes were selected.

The fuel systems and fuel management methods of the McDonnell Douglas airplanes
were studied in detail to evaluate the effect on system performance of operating
with tank fuel temperature near the freeze point.

The fuel systems and fuel management methods of the other manufacturer's airplanes
were then studied in somewhat less detail.
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AMBIENT TEMPERATURE LIMITS

Available data from Douglas records, MIL-STD-210B, IATA, NASA, and ASTM was
reviewed to obtain a minimum temperature vs. altitude envelope for use in
establishing the lower limits of ambient temperature for all of the airplanes
chosen for this study. This data, shown in Figure 1, indicates a static air
temperature of - 74.5 0C at an altitude of 42,000 feet for the MIL-STD-2108
one-day-per year risk minimum temperature plot. Although this appears to be a very
low temperature, the scarcity of the data does not allow for the assumption of a
higher level of temperature. Therefore, it was concluded that the MIL-STD-210B
one-day-per year risk minimum temperature profile (Figure 2) represents a fair and
reasonable minimum ambient temperature envelope for USAF aircraft operations when
compared to the other data points on the graph.

An analysis was performed which placed each of the airplanes in this study within
this temperature environment during three representative conditions. The three
flight conditions were: a heavy weight maximum range cruise, a light weight
maximum range cruise, and a light weight maximum endurance cruise. The ram
recovery temperature for each airplane at several altitudes was calculated using a
recovery factor of 0.9.

These recovery temperatures, also known as the adiabatic wall temperature,
represent the lowest temperature that the fuel in the tanks could possibly reach.
It is the equilibrium condition when the fuel temperature equals the aircraft tank
surface (wing skin) temperature. Flight tests have shown that the fuel temperature
starts to "approach" the recovery temperature in approximately four hours for outer
(thin) integral wing tanks.

The results of this analysis are referred to under the discussion of each airplane
later on in this report. These results show that the recovery temperature for most
of the airplanes and for nest of the flight conditions will be below the present
specification maximum freeze point temperature limit of JP-8. For some airplanes
and flight conditions the recovery temperature is below the present specification
limit for JP-4. These "limiting condition" recovery temperatures provide a good
reference level to evaluate the impact of raising the fuel freeze point
temperatures for the various aircraft under study.

205



GEOGRAPHICAL LOCATIONS VARY
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FUEL PUMPABILITY TESTS

NOTE: The following material was taken from a previous Douglas report, now out of
print (Ref. 1). It is repeated here because the discussion of tests and the test
results will provide the reader with some insight into the matter of fuel tank
operations at low temperatures.

Several years ago Douglas conducted a series of tests to study the behaviour of
kerosene (with properties similar to JP-8) at and below its pour point and to
explore system problems associated with such a fuel. The Shell Oil Company
furnished 2 fujels for use in this investigation, one wvith a high freeze point
(-350F, kerosene No. 1) and the other with a low freeze point (-620F, kerosene
No. 2). Figure 3 shows the variation of viscosity with temperature for these
fuels. The low freeze point kerosene had sligh~tly higher viscosity than the other,
both being above 10 centistokes at -300F. Both submerged fuel booster pumps and
line mounted booster pum~ps with remote suction were used in these tests, however,
no significant differences were observed. Although the cooling rate in the test
tank was not necessarily representative of the airplane, a study of the manner in
which a kerosene cools and solidifies is very interesting. Figure 4 shows
time -temperature histories of several thermocouples located at various distances
from the bottom skin of the tank.

Note the steep temperature gradient that exists vertically in the fuel. At the
time that the inner surface of the tank bottom reaches the pour point of the fuel,
a layer of solidified fuel begins to build up. This in turn tends to act as
insulation, reducing the rate of cooling of the bulk of the fuel. This effect can
be noted in Figure 4, and appears to begin sharply coincidental with the inner skin
surface reaching the fuel pour point. Note particularly the thermocouples located
I and 2 inches from the bottom of the tank. Although Figure 4 is representative of
the manner in which kerosene would cool and solidify in an aircraft tank, the time
involved would differ. It was found that the unsolidified fuel could be readily
pumnped from the tank, or drawn from the tank by a line mounted pump, even though
the suction point was deeply immersed in the solidified portion of the fuel. The
portion of the fuel, however, which was at or below its pour point remained in the
tank as a layer along the bottom, sides, and, to a lesser degree, along vertical
structure. It was concluded that the pumnping system could easily handle any and
all of the fuel that would flow to the pickup point. As would be expected, the
power required to pump the fuel increased to a marked degree as the viscosity
increased. Figure 5 shows the increase in power required to pump the low freeze
point kerosene as it cooled to its pour point.

The next question whic~h arose was, "What if the fuel in crossfeed and transfer
lines becomes solidified? Is the system blocked?" This was investigated quite
extensively and Figure 6 shows typical results. The pump discharge pressure
required to initiate flow in a given system appears to correlate well with how far
below the pour point the fuel has cooled. The number of fuel samples tested were
not sufficient to conclude that the data presented in Figure 6 is applicable to all
fuels, however, the trends are felt to be representative.

Throughout this phase of the testing no difficulty was encountered with plugging of
course mresh pump inlet screens (10 mesh), however, it became readily apparent that
finer mesh screens or filters, plug solidly with wax crystals if the fuel
temperature drops below the freezing point (usually a few degrees warmer than the
pour point).
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Very briefly the major conclusions drawn from this phase of the testing were:

1. When the temperature of the inner skin of a fuel tank reaches the pour point of
the fuel contained, the amount of unusable or untransferable fuel in the tank
begins to increase.

2. That portion of the fuel contained in a fuel tank which is above its pour point
(and would flow to the pickup point) can be readily transferred from the tank.

3. The fuel tank transfer and boost pumps are capable of breaking loose crossfeed
or transfer lines if they should become solidified.

4. No fine mesh screen or filter should be so installed that the fuel entering it
could be below the fuel's freezing point.
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FUEL USAGE REVIEW

The purpose of this portion of the study was to determine which airplanes in the
Air Force inventory are using and will be using the majority of the fuel supplies
from 1979 through 1985. This projection required the use of the estimated
utilization (flight hours per year) and the estimated average fuel usage rate
(gallons per hour) for all of the aircraft in the Air Force inventory. The product
of the two results in total fuel usage (gallons per year). This information was
obtained from the Air Force planning report of Reference 3. To be practical, this
study had to be limited to ten airplanes and could not consider such factors as
geographic variations of the aircraft bases, or the types of missions to which the
aircraft are assigned.

The ten highest fuel users for each year of the study are shown in desending order
on the har graph of Figure 7. Besides the McDonnell Douqlas KC-IOA, C-Q, F-4 and
F-15, the five other airplanes chosen for further study were the B-52, C-130,
KC-135, C-141, and C-5. Examination of these aircraft provides the best answer for
the USAF within the scope of this study. Only a few aircraft have to be considered
to provide information on potential fuel cost and availability effects sufficient
to indicate courses of action. The chart shows that these airplanes represent
aircraft which consume 75 percent of the projected fuel used throuqh fiscal year
1985. The F15 joins the group of airplanes which consume 75% of the fuel used by
the USAF in the year 1981. The shaded area on the graph shows the amount of fuel
used overseas as a pecentage of the 1979 total fuel used. Overseas fuel usage is
not a significant percentage of fuel used for the purposes of this study.
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M.D.C. AIRPLANES AND SYSTEMS
KG- lOA

The tankage system consists of three main tanks, a center wing auxiliary tank and
two fuselage tanks. The mains and center wing tank are of the integral type and
the fuselage tanks are of the bladder type. A schematic drawing of the tankage
system is shown in Figure 8. The engines are normally fed from their respective
main tank, Usually, fuel to satisfy the KC-lOA fuel burn and reserve requirements
will be carried in the mains and center wing. Fuel in the fuselage tanks will be
used for off-loading to aircraft being refueled in flight. Fuel may be carried in
the fuselage tanks to extend the range of the KG-b0A.

During normal fuel management where center wing fuel is carried, the mains are
continually being "topped off" by the transfer of fuel from the center wing tank.
When the center wing tank is depleted, fuel is transferred to the Numbers 1 and 3
Main from the Numrber 2 Main. When the Number 2 Main quantity becomes equal to the
Numbers 1 and 3 Main, all three main tanks are then depleted evenly for the
remainder of the flight. The Numnber 1 and 3 Main Tanks are each divided into
inboard and outboard (tip) compartments. The tip fuel (5300 pounds) is retained
until each main tank is down to approximately 10,300 pounds of fuel (5,000 pounds
in the inboard compartments). This tip fuel will be the coldest fuel on the
airplane because it is used last on a normal mission and it is held after transfer
from the other tanks stops in a compartment with a large surface area to fuel
volume ratio. This scheme of fuel management provides for relief of
aerodynamically induced wing bending moments and provides flutter damping resulting
in significant savings in aircraft weight and fuel burned.

The tip compartment fuel is not isolated for the entire duration of the flight
because the Number 1 and 3 Main Tank fill valves are located in the tip
compartments. The warmer fuel from the center wing tank (and fuselaqe tanks if it
is transferred to the mains) is continually passed through the tip compartments
during the transfer process. The normal fuel management schedule is automatically
controlled by fuel system design features for the most part and requires only
minimal input and monitoring by the flight crew.

The fuselage and center wing tanks contain the hydraulic powered aerial refueling
pumps for fuel off-loading. The fuel in these off-loading tanks can be transferred
to the mains for engine usage if necessary. Also, the fuel in the mains can be
transferred to the off-load tanks. The fuel in the off-load tanks is insulated,
due to the tank locations within the fuselage, and will remain much warmer than the
fuel in the mains for the entire flight. Very cold fuel transferred from the
outboard mains to the fuselage tanks for off-load will be mixed with the much
warmer fuel remaining in the off-load tanks and will not be transferred directly to
a receiver aircraft.

DC-10 Flight test data shows that the tip tank bulk fuel temperature approaches the
adiabatic wall temperature after about four hours of flight but will vary
significantly with the fuel loading on the airplane due to transfer of warmer fuel
through the tip compartment. A while after transfer has stopped, test data on one
flight show the No. 1 and 3 main inboard compartment boost pump inlet temperature
is approximately 3 to 50C warmer than the tip tank bulk temperature. The No. 2
main tank fuel temperature is approximately 11 to 140C warmer. At this time, the
temperature of the fuel carried in the center wing tank, but not used on this
flight was 28 to 320C warmer than the tip fuel.
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displayed in the cockpit. The flight crew, therefore, has an indication of the

coldest fuel on board the airplane. The flight manual instructions say to vary the
flight plan to warm the fuel if the temperature cannot be held to at least 30C
above the freeze point of the fuel on board.

There are three different systems for transferring the tip fuel to the inboard
compartment. The primary system is the gravity drain system. It consists of a
drain pipe positioned near the bottom tank skin and a gravity transfer valve. The
valve is held closed by the inboard boost pump pressure. This gravity transfer
valve also passes abouL 4 gallons per minute (gpm) of inboard fuel through the
drain pipe to the tip compartment to make up for fuel taken from the tip
compartment by the water scavenge system. When the inboard float lowers to
approximately 5000 pounds, the pressure supply is shut off and the tip tank fuel
head opens the valve. The inboard flow rate is approximately 15 gpm. The
operation of the gravity transfer system is questionable when the fuel temperature
is near the pour point. The 4 gpm of relatively warmer "make up" fuel should keep
the upper portion of the drain pipe and the valve thawed out and allow' it to
actuate open, however, the inboard flow will be reduced below the nominal 15 gpm.

The second system for tip tank transfer is the jet pumip system designed for
operation at nose high attitudes when the gravity system cannot operate. The jet
puimp suction line which is 55 inches long and 2 inches in diameter could become
full of congealed fuel. As an example, assuming a case where the fuel in the line
is an arbitrary 40C below the pour point, the pressure required to push the slug
of fuel out can be calculated to be approximately 0.5 pounds per square inch (psi)
by use of Figure 6. This pressure is within the jet pump performance envelope if
the fuel in the suction line is not too viscous to prevent necessary mixing action
within the jet pump mixing chamber.

The third system for tip tank transfer is the electric tip tank transfer pump
system, designed to transfer the fuel inboard rapidly for the case of a large
off-load mission. The pump is located in the inboard compartment with a 2 inch
diameter, 410 inch long suction line to the tip compartment. The suction pressure
required to remove a slug of congealed fuel at 40C below the pour can be
calculated to be approximately 4 psi. It is doubtful if the boost pumnp could
provide this much suction pressure.

The purpose of the above discussion was to determine if it was feasible to allow
the fuel freezc point to be raised to a value that would result in a layer of
congealed fuel on the bottom of the tip tank. It appears that the possibility of
obtaining timely fuel flow from the tip tank to the inboard compartment and thus to
the engines would be questionable with a large amount of congealed fuel on the
bottom of the tank. Also, if this were allowed, there could be a point in time,
later, when the warmer fuel in the No. 1 and 3 inboard compartments (where the
boost pumnps are) would also have this build-up of congealed fuel. This buildup
would be deeper at the rib locations due to the greater heat sink. This could
seriously affect outboard to inboard flow (to the boost pumps) at these locations.
Therefore, to insure reliable fuel flow to the engines, no significant buildup of
congealed fuel should be allowed on the bottom surface of any of the tanks. The
worst case limit cannot be defined at this time for any particular airplane beyond
the limits currently defined by the manufacturers.
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The above discussed systems are the systems that are considered most likely to be
adversely affected by fuel temperatures near the freeze point. Other systems
considered were the primary transfer, off-load, quantity indicating, engine feed,
auxiliary power unit (APU) feed, fill, defuel, jettison, scavenge, and vent
systems. These systems are considered in the following paragraphs. Systems and
functions are described and operation at low temperature is discussed.

The primary transfer system transfers fuel from the center wing tank and No. 2 main
tank to the No. 1 and 3 mains by means of electric powered transfer pumps, and the
normal fill valves. The fuselage tanks also contain electric powered transfer
pumps for inter-tank transfer. These transfer systems should present no
difficulties since the fuel tanks involved are in a relatively insulated location.
The fuel being transferred should not be near the freeze point, therefore the No. I
and 3 main fill valves (located in a cold area), high level control valves, and
sense lines should perform normally.

The off-load system consisting of the large hydraulic off-load pumps, piping, and
the fueling boom and hose reel assemblies should present no problems. The hose
reel is located in the cabin environment. With the fueling boom in the stowed
position, there is about 9 gallons of trapped fuel at the boom elbow. This fuel
will approach the recovery temperature in about 30 minutes. However, even if the
temperature of this fuel was a substantial amount below its pour point, the
hydraulic transfer pumps would easily push the congealed quantity out through the
boom. This slug would be further broken up when it passes through the
nozzle-receptical and receiver aircraft piping. It would also absorb heat in the
receiver aircraft and would liquify.

The fuel quantity indicating system could give erroneous readings if congealed fuel
formed on the bottom of the tanks to a depth sufficient to plug the lower end of
the quantity probes. If this happened, the fuel depth in the tank could be below
that within the probe. However, since the probes are mounted at an angle with
respect to the tank bottom, and the lower end of the probes are several inches from
the stringer locations (where the congealed layer is thicker), the probe ends
should not become blocked. A study was conducted to determine if the aromatic
content of the broadened specification fuel could have sufficient effect on the
fuel dielectric constant to affect the accuracy of the fuel gauging system. It was
found that this effect was negligible. As an examiple, a change in aromatic content
of 25% (much greater than would occur under the proposed specification variation)
would produce about the same change in dielectric constant as that which would
result from a 500C change in temperature (approximately 5%).

The fuel feed system will function properly, once the fuel in the tank flows to the
boost pump inlet or to the pump inlet pipe. The pumps have a positive displacement
reprime element that creates a strong vacuum at the pump inlet which is sufficient
to clear the inlet lines. When a pump is started after soaking, previous testino
indicates that fuel pump pressure will clear lines of fuel after soaking at
temperatures well below the pour point.

The main problem to be expected with the APU fuel feed system would be during
ground operation after cold soaks at extreme temperatures where fuel was
congealed. The direct current powered APU fuel system start pump was not designed
to operate with congealed fuel and therefore there would be a question as to its
suction capability for drawing fuel through its inlet line. Depending on the
condition of the pump and the available fuel head in the fuel tank, the minimum

215



required APU fuel inlet pressure may not be maintained, and starting and running
problems may be experienced. However, no problems have been reported in commerical
service.

The fuel fill system including the fill valves, high level control valves, and
sense lines should operate normally because the ground fuel supply temperature
should be above the freeze point. There should be no effect on fill rates or fill
times since the density and viscosity will remain within the present specification
limits. A case to be considered is the case of an airplane fueled with JP-8
landing at a base with extremely cold ground temperatures. Problems may be
encountered if the airplane was allowed to "cola soak", and then it was desired to
defuel without the use of electrical power by means of suction defueling, in order
to refuel with JP-4. If the fuel in some of the tanks or some portion of the tanks
starts to congeal, this may lead to a flow rate unbalance between tanks. This
could result in one of the tanks being depleted of fuel or its suction line to
unport while the remainder of the tanks still contain fuel, preventing any further
defueling by this method.

The jettison system should present no difficulties. By the time that the fuel
becomes cold enough to cause any problems, there should be no need to jettison
fuel. However, the valve is located somewhat behind the aft spar and could
possibly approach the recovery temperature. This valve opened satisfactorily
during a test while filled with water and frozen solid. It should therefore
operate normally if filled with fuel below the pour point, and the transfer and
boost pumps will push the slug of congealed fuel out through the valve.

The scavenge system consists of jet pumps, scavenge rakes, and associated valves
and plumbing for the purpose of scavenging the water (and fuel) from the low points
in the tanks and feeding it to the engine boost pumps. This system operates on
very low pressures, incorporates small line sizes, and will no doubt fail to
function if the fuel temperature at the lower surface of the tank is in the
vicinity of the pour point. This presents no problem, however, the system is not
essential for flight and may become inoperative for the limited amount of time that
the fuel is this cold.

The vent pipes are routed in the center of the tank, away from the coldest fuel and
should present no problems. The vent exit on the bottom of the wing surface
contains a flame arrestor to prevent the propagation of a flame under the lower
surface of the wing into the vent system. If this arrestor becomes blocked with
ice, the fuel tanks are vented through by-pass valves. The vent exit standpipe,
flame arrestor, and by-pass valves are located within a vent box. It would take a
very thick layer of congealed fuel on the bottom of the vent box to affect the
operation of the climb by-pass valve. However, there should be no congealed fuel
in the vent box to hinder proper operation of the climb by-pass valve because the
fuel won't be cold enough during this portion of the flight (climb after take-
off). The descent by-pass valve should operate normally since it opens inward away
from the congealed fuel.

Figure 9 shows the KC-10A recovery temperature calculated for three different
flight conditions while operating in the MIL-STO 210B one-day-per year risk minimum
temperature environment. It shows a minimum temperature of -60.50C between
30,000 and 35,000 feet for a light weight maximum endurance condition. This
represents a very severe case since the mission would have to be a holding pattern
within a very cold air mass while the airplane gross weight is very low. However,
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it is not unrealistic if the tanker was for some reason required to hold locally
for a considerable period after off loading most of its fuel. An example would be
to refuel a group of fighters whose refuel volume requirements would be very low,
but for whom refueling would be essential for their safe return to base. The curve
on the right of Figure g shows the highest temperature to be expected (-49.50C)
for a heavy weight KClO flying at maximum range speed in the same environment.
This condition is a little unrealistic since a maximum range mission would not
remain for a long period of time in a locally cold air mass. However, Figi-re 9
does show the minimum recovery temperatures that could possibly exist.

A heat transfer computer program was used to calculate the KC1O tip tank fuel
temperature considering the effect of time. This approach is more realistic than
simply assuming that the fuel reaches recovery temperature. The effective overall
heat transfer coefficient and effective tip tank surface area were known from
existing DC1O flight test data. The minimum tank fuel temperature was predicted to
occur during a KC-10A tanker mission flying a holding pattern at 35,000 feet at a
maximum endurance power setting. The ambient temperature was a constant -74.50C
from the Mil 210B one day per year risk minimum temperature envelope. Figure 10 is
the resulting plot of the No. 1 or 3 main tip compartment (critical tank) bulk fuel
temperature vs. flight time. The curve shows that the fuel temperature reaches the
recovery temperature of -540C late in the flight. The curve was plotted for
initial fuel temperatures of 160C (600F), -180C (QOF), and -290C
(-200F). As shown, the initial fuel temperature has little effect on the final
fuel temperature on long range flights.

The cargo or trLjp transport mission would involve flying through areas of low
temperature extremes rather than loitering in these areas as in a tanker rendezvous
mission. Therefore, the tank fuel temperatures should not get as low on transport
flights. The results of a KC-lOA light weight cargo mission are shown in Figure
11. The temperature profile selected was that of the 4900 nautical mile commercial
flight as reported in Reference 4 adjusted to MIL-STD-210B temperature levels. The
minimum temperature on the profile was -720C as compared to -74.50C from
MIL-STD-210B shown in Figure 2 of this report. The -720C was based on a
commnercial flight route and data from the Naval Weather Service Atlas and is not as
stringent a requirement as MIL-STD-210B. Therefore, the temperature profile from
the referenced report was adjusted slightly by lowering the entire profile by
2.50C (-74.5-(-72.0)). The results show that the bulk fuel temperature reaches
-48.50C and does not quite reach the minimum recovery temperature of -50.20C
before the ambient temperature of the route starts to increase.
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C- 9

The tankage system consists of two main tanks, a center wing auxiliary tank and a
forward and aft fuselage auxiliary tank. The two mains and the center wing tank
are all integral type and the fuselage tanks are of the bladder type. See Figure
12 for schematic. All auxiliary fuel is used first and is pumnped directly to the
engines, overriding the lower pressure of the main tank boost pumps which are
operating on standby. This fuel usage schedule uses all of the thermally insulated
fuel first, and then uses the fuel from the thin wing tanks near the end of the
flight. As in the case of the DC-10 tip tank test data, DC-9 flight test data also
shows that the main tank bulk fuel temperature approaches the recovery temperature
after about four hours of flight. Since the C-9 can cruise for over this period of
time on the auxiliary fuel alone the main tank fuel will have sufficient time to
reach temperatures near the recovery temperature. There are no compartment
divisions within the main tank that require tank internal transfer systems as in
the KC-lOA No. 1 and 3 mains. However, there are two sets of check bulkheads
(closed ribs with flapper check valves at the bottom to prevent outboard flow
toward the wing tips) which the fuel must flow inboard through to reach the tank
boost pumps. These check bulkheads provide a heat sink that would increase the
rate of fuel cooling at this location, resulting in an increased tendancy to4
congeal fuel around the check valves.

The shallow tanks of the C-9 increases the fuel cooling rate and also provides less
tank head to force the cold fuel through the obstructions (flapper bulkheads, rib
locations, etc)j. These factors in combination with low wing dihedral angle, a
tendency toward colder fuel (due to lower Mach numiber and type of fuel management),
and lower wing vibration (due to aft mounted engines) would appear to contribute to
making the C-9 more critical with respect to cold fuel problems than the KC-lOA.
This should heighten the desire to provide proper fuels for its operation. Tests
would be required if an acceptable level of congealed fuel buildup were to be
determined.

The C-9 does not incorporate a tank to tank transfer or jettison system. The fill
and de-fuel system utilizes electric motor driven valves and electric float
switches and should be more reliable with regard to cold fuel problems than the
hydraulic valves and switches of the KC-lOA. However, suction defuel operation
should suffer from the same potential problems as described for the KC-l0 (possible
flow unbalance between tanks, resulting in unporting an inlet and thus preventing
further defueling). The engine feed, fuel quantity, scavange, and vent systems are
all similar to those of the KC-lOA and should present no serious problems.

The C-9 cockpit displayed fuel temperature is measured at the engine fuel filter
inlet. Tank fuel temperature is not measured directly. The "dash one" technical
manual instructs the crew to avoid flying at altitudes where the indicated fuel
temperature is lower than 60C above the maximum specified fuel freeze point of
the type of f uel on board.

Figure 13 shows the C-9 recovery temperature calculated for three different flight
conditions that are comparible to the KC-10 mission in Figure 9. As in Figure 9,
the environment is a constant MIL-STD 210B one-day-per year risk minimum fuel
temperature. Figure 13 shows a minimum fuel temperature of -64.5 0C at 35,000
feet for a light weight maximum endurance conditon. The right hand curve of Figure
13 shows the highest temperatures to be -530C for a heavy weight C-9 flying at
maximum range speed in the same environment. The C-9 flies transport type
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missions. It does not fly missions involving loiter/rendezvous missions, so
-64.5 0C inflight fuel temperatures are unlikely for the C-9.

Figure 14 shows a C-9 main tank t ime- temperature history on a personnel transport
mission as calculated using the heat transfer program. The ambient temperature
profile was the 2000 nautical mile flight of Reference 4. The curve shows that the
fuel temperature reaches -440C for all three initial fuel temperatures, but does
not quite reach the minimum recovery temperature of -45 .40C.

F -4

Fuel is carried internally in a fuselage tank, made up of six interconnected fuel
cells, and in two integral wing tanks. External fuel is carried in three drop
tanks. This tankage arrangement is shown in Figure 15. Regulated engine bleed air
pressure transfers internal wing fuel and all external fuel to the fuselage tanks.
The forward cell of the six fuselage cells is the engine feed cell. Transfer pumps
in two of the other five cells, transfer fuel to the feed cell. A schematic of the
fuel system is shown in Figure 16.

Normally, the external fuel and wing fuel is used first. The fuselage fuel, which
is continually absorbing heat from the engine compartments is used during the last
portion of the flight. The short flight times of this type of airplane and its
relatively high operational Mach numbers, together with the fuel management
schedule, result in fuel temperatures substantially above current fuel freeze
points for the entire duration of a flight. Following allowable fuel management
schedules there will never be a case where the last fuel used is the coldest fuel
aboard the airplane.

Figure 17 shows the integral wing tank recovery temperature calculated for the same
three types of flight conditions as was done for the KG-10A and C9 airplanes. it
shows a minimum recovery temperature of -57.5 0C at 35,000 to 40,000 feet for a
light weight maximum endurance condition, and -45.5 0C for a heavy weight maximum
range condition. This fighter type airplane would not remain in this cold
environment long enough for the bulk fuel temperature to reach the recovery
temperature. However, even if this was possible, the fuselage tank fuel is the
last fuel to be used and would be considerably warmer than the wing tank fuel, thus
assuring the flow of fuel to the engine.

F- 15

Fuel is carried internally in four interconnected fuselage tanks and two integral
wing tanks. External fuel is carried in three 600 gallon external tanks. The
internal wing tanks and the forward fuselage tank are transfer tanks. The other
three fuselage tanks are engine feed tanks. Figure 18 shows this tankage
arrangement. Regulated engine bleed pressure transfers fuel from the external
tanks to any internal tank that will accept it and also provides a positive
pressure to all internal fuel tanks. Normal fuel transfer is accomplished by three
electric transfer pum~ps and engine bleed pressure. If the electrical transfer
pumps fail, all internal fuel will transfer through gravity transfer lines at a
reduced rate to the engine feed tanks. A fuel system schematic is shown in Figure
19.

There is an accessory cooling heat exchanger located in each engine fuel line
between the fuel tank and the engine fuel pumip inlet. The amount of coolant fuel
required is greater than the engine fuel flow demand. The coolant fuel that is in
excess of the engine demand is returned to its respective integral wing tank.
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FIGURE 15. F-4 TANKAGE ARRANGEMENT
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This fuel rejects heat to the atmosphere in the wing tank and then returns to the
fu. elage tanks. In this instance, the heat rejection to the atmosphere is required
to prevent the fuel temperature from becoming excessive, quite the opposite of the
transport aircraft problem. With the advent of more sophisticated electronic
systems which reject more and more heat to the fuel, the problem is one of keeping
the fuel cool. Freeze point is not an operational problem in flight, but thermal
stability problems (coking in the engine hot fuel sections) may become more of a
problem as fuel final boiling points are increased.

Fuel management is essentially the same as for F-4. This fuel system should be
relatively free of any cold fuel problems in flight since it has all of the
favorable items pointed out for the F-4 airplane plus the warm fuel re-
circulating to the integral wing tanks.

Figure 20 shows the calculated recovery temperature for the integral wing tanks and
external tanks to be -600C at 30,000 to 35,000 feet for a light weight maximum
endurance condition, and -48.5 0C at 45,000 feet for a heavy weight maximum range
condition. Due to the warm fuel re-circulating to the integral wing tanks, the
fuel temperature could never reach these values.
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OTHER AIRPLANE REVIEWS

8-52

The fuel tanks consist of 4 main tanks and 8 auxiliary tanks. The auxiliary tanks
include a forward, mid, and aft fuselage tank, a left and right outboard wing tank,
a center wing tank, and a left and right external underwing tank. The mains,
outboard auxiliaries, and center wing tanks are all integral (wet wing) type. The
fuselage tanks consist of 7 rubber cells. A schematic of this tankage system is
shown in Figure 21.

The B-52 has eight engines, two in each of four nacelles.

The fuel supply system is designed so that the engines receive fuel from the
nearest of the four main tanks or from the main manifold. When auxiliary fuel is
being used, main tank boost pump switches are ON. The boost pumps in the auxiliary
tanks are of higher pressure than the boost pumps in the main tanks thus allowing a
pressure override condition to exist. When an auxiliary tank runs dry, the main
tank boost pumps take over fuel supply to the engines with no interruption in fuel
flow. This method of auxiliary fuel use is similar to the C-9 and is opposed to
the KC-lOA which transfers fuel to the main tanks while feeding the engines from
the mains. Under normal operating conditions, main tank 1 supplies fuel to engines
1 and 2 in nacelle strut I and main tanks 2, 3, and 4 supply fuel to engines in
respective nacelle struts 2, 3, and 4.

There are several methods of fuel management, depending on the number of external
missiles being carried. The fuel management sequence with no external missiles is
essentially as follows:

STEP 1. (Takeoff )-------------------------- Mains To All Engines

STEP 2. Aft Fuselage to 1, 2, 3, 4
Center Wing to 5, 6, 7, 8 ------------ (Center Wing to Empty)

STEP 3. Aft Fuselage to 1, 2, 3, 4
Forward Fuselage to 5, 6, 7, 8 ------- (Forward Fuselage to Ballast

Fuel - nomally 0 to 10,000 lbs.
depending on operating weight
and number of internal missiles)

STEP 4. Aft Fuselage to 1, 2, 3, 4 -----------(Aft Fuselage to 5700 lbs)
Mid Fuselage to 5, 6, 7, 8

STEP 5. Mid Fuselage
to All Engines --------------------- (Mid Fuselage to Empty)

STEP 6. Aft Fuselage to 1, 2, 7, 8 -----------(Aft Fuselage to Empty, Mains
No. 2 Main to 3 and 4 2 & 3 to 38,700 lbs. Each)
No. 3 Main to 5 and 6

STEP 7. Mains to All Engines
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STEP 8. Left Outboard to 1 & 2-------------- (Outboards to Empty, Mains
No. 2 Main to 3 & 4 to 9,000 lbs. Each)
No. 3 Main to 5 & 6
Right Outboard to 7 & 8

STEP 9. Mains to All Engines---------------- (All Mains to 5,000 lbs.
Each)

STEP 10. Left External to 1, 2, 3, 4,---------- (Externals to Empty)
Right External to 5, 6, 7, 8

STEP 11. Forward Fuselage to----------------- (Forward Fuselage to Empty)
All Engines

STEP 12. Mains to All Engines

It can be seen that this schedule uses the most thermally insulated fuel first
(center wing and fuselage) and the coldest fuel last (outboards and external). The
engines are fed directly from the auxiliary tanks, as opposed to the KC-lOA which
transfers all auxiliary fuel to the mains and therefore tends to keep the main tank
fuel warmer. Keeping the main tank fuel warner is always desirable because this is
the fuel that feeds the engines during the last portion of the flight. The
external tanks of the B-52 contain 4550 lbs of fuel each. This external fuel will
reach the recovery temperature early in the flight and there after will essentially
follow the recovery temperature within a few degrees. The external fuel is fed to
the engines by tank mounted boost pumps. The problem of congealed fuel being "hung
'up" in portions of the tank and not flowing to the pump inlet should not be as
severe in these external tanks, as compared to integral tanks, due to their shape,
type of construction, and greater relative tank heads.

Figure 22 shows the calculated recovery temperatures for the integral wing tanks
and external tanks to be -640C at 50,000 feet for a light weight maximum
endurance condition, and -550C at 45,000 feet for a heavy weight maximum range
condition.

The 8-52 Flight Manual states to avoid flying at altitudes where the indicated
total air temperature is below the freeze point of the fuel. It can be seen that
the above recovery temperatures are well below the maximum specified fuel freeze
point temperature of JP-8 and JP-4 (-50 0C and -580C respectively). Therefore,
there is a possibility of the fuel temperature reaching the freeze point if
operation is continued in this environment for a long enough period of time. If
the specified maximumn freeze point were increased. There would be a greater chance
for the fuel temperature to drop below its freeze point. The only way to find out
how serious the problem could be is to conduct an extensive flight test program on
this or a similar type aircraft, in conjunction with knowing the exact type of
missions that the aircraft will perform.
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C- 130

The fuel tank system consists of four main integral wing tanks (one for each
engine), two bladder cell type auxiliary wing tanks, and two additional welded
metal pylon mounted external tanks. The two internal auxiliary tanks are located
on each side of the dry center section bay. This tankage arrangement is shown in
Figure 23. To extend the operating range, four metal fuselage tanks with a
capacity of 500 gallons each can be installed in the cargo compartment. All of the
auxiliary fuel is used first by transferring to the No. 2 and 3 Main Tanks. The
engines are then fed from the No. 2 and 3 Main by means of cross-feed valves with
the No. I and 4 Main Tank boost pumps turned off. The pylon and auxiliary wing
fuel are used first, followed by the fuselage tank fuel (if incorporated). The
engines are then fed from their respective main tank for the remainder of the
flight. A schematic of the fuel system is shown in Figure 24.

This schedule is similar to the KC-10 in that it leaves the outboard wing fuel
until the later portion of the flight. However, in the case of the KC-l0, the
relatively warmer auxiliary fuel is pumped through the tip tank during transfer.
In the case of the C-130, the No. 1 and 4 Main (outboard tanks) fuel is isolated
with no agitation from the boost pumps for the total time that it takes to transfer
all of the auxiliary fuel. Since this tank has a relatively large cooling surface
to tank volume, this fuel has the potential of being very cold. However, this fuel
does not have to be transferred inboard to feed the engines as in the case of the
KC-10. The fuel is pumped directly to the engines with the boost pumps which
should present fewer problems. If all of the No. 1 and 4 Main Tank fuel is
required to complete the flight, the fuel at the tank surface should not be allowed
to congeal. With the relatively low cruise Mach numbers of the C-130, this
airplane may control the maximum fuel freeze point for all of the airplanes in the
study unless segregated fuel supplies can be established.

Figure 25 shows the equilibrium recovery temperatures for the C-130 to be -69.5 0C
at 35,000 feet for a light weight maximum endurance condition, and -630C at
30,000 feet for a heavy weight maximum range condition.

The C-130 Flight Manual instructions say to consider the fuel temperature to be
equal to the indicated total air temperature. It also states to not allow the fuel
temperature to be lower than 60F (3.30C) above the fuel freeze point. The
above recovery temperatures are well below this limit. The flight manual also
specifies that Jet A-1 fuel (same freeze point as JP-8) should not be used if
operation in temperatures below -40OF (-400C) is anticipated.

These possible fuel temperatures (especially for the case of the No. 1 and 4 main
tanks) and operating instructions preclude the possibility of increasing the freeze
point of JP-4 or JP-8 without flight tests in extreme cold environments with
instrumented tank fuel temperatures.
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KC- 135

Fuel is contained in four main tanks, a center tank, and three fuselage tanks. The
four main tanks are integral types. The No. 1 and 4 main tanks include an outboard
reserve tank. The fuselage tanks and the center portion of the center wing tank
consist of bladder cells that are contained within structural cavities. The outer
portion of the center wing tank is an integral type. The tankage arrangement is
shown in Figure 26, and a schematic of the fuel system is shown in Figure 27.

The fuselage tanks and center wing tank fuel (if used to feed the engines) are used
first and fed directly to the engines by means of pumip pressure that overrides the
main tank boost pump pressure. The engines are then fed from the outboard mains
(Nos. 1 and 4) until the outboard main plus the outboard reserve fuel equals the
inboard (Nos. 2 and 3) main fuel. The outboard reserve fuel is then allowed to
transfer inboard by gravity and the engines are then fed from' their respective main
tank for the remainder of the flight.

This fuel management system has a fuel schedule similar to that of the B-52 and the
KC-1OA to save airframe weight (use of wing tip ballast fuel). It has the pump
pressure over-ride system of the B-52 which does not allow the relatively warm
auxiliry fuel to mix with the colder main tank fuel. It also has the reserve tank
fuel which must be retained until near the end of the flight similar to the
KC-lOA. The reserve tank fuel on the KC-135 is not disturbed from take-off until
transfer is signaled. There is no mixing action which would prevent temperature
stratification. This temperature stratification would reduce heat transfer from
the bulk fuel, however it would tend to build up a congealed layer of fuel at the
tank surface and may form a matrix of wax that may trap liquid fuel. As in the
case of the KC-lOA, this reserve fuel cannot be allowed to become so cold that it
congeals near the lower surface of the tank if a timely inboard transfer of fuel is
to be expected on demand.

The recovery temperatures for the KC-135 are shown in Figure 28, and are -63.5 0C
at 35,000 feet for a light weight maximum endurance condition and -540C at 40,000
feet for a heavy weight maximum range condition.

The KC-135 Flight Manual instructions state to avoid flying at altitudes where the
indicated total air temperature is below the freeze point of the fuel. The
recovery temperatures shown in Figure 28, are fairly realistic for this aircraft
since it may be called upon to conduct a loiter type of tanker mission and "hold"
in a cold air mass at a low Mach number in preparation for a receiver rendezvous.

The KC-135 fuel system in very similar to the B-707. The E4 (B-747) uses a similar
reserve tank and transfer method. Current studies sponsored by USAF and NASA will
provide information on low temperature fuel use considerations for this aircraft.
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C- 141

The fuel supply system consists of ten integral wing tanks. They include four main
tanks, four auxiliary tanks, and two extended range tanks. This system is shown in
schematic form in Figure 29. The extended range and auxiliary fuel is used first
and fed directly to the engines by means of pinip pressure that ov'errides the main
tank boost pump pressure. All of the tanks contain jet pump scavange systems to
reduce the amount of unavailable fuel.

This system feeds the auxiliary fuel directly to the engines rather than passinq
the warmer fuel through the mains on the way to the engines. This method is
similar to the C-9, B-52, and KC-135. The jet pumps located in the mains of the
C-141 will tend to prevent temperature statification and thus increase heat
transfer from the fuel. This would have the opposite effects as those described
for the reserve thanks of the KC-135 which have no agitation. The coldest fuel
will be in the extreme outboard tanks. These outboard tanks are the No. 1 and 4
mains on the C-141 and incorporate boost pumps, jet pumps and collector tanks
thereby eliminating any inboard gravity flow problems as in the case of the KC- 135
and KC-lOA.

Figure 30 shows the calculated recovery temperature for the C-141 to be -68.5 0C
at 35,000 feet for a light weight endurance condition and -550C at 35,000 feet
for a heavy weight maximum range condition. The Flight Manual instructions say to
avoid flying at altitudes where the indicated fuel temperature is lower than 60C
above the freeze point of the fuel. The fuel temperature is measured approximately
mid-way between the tank and the engine. Although the C-141 is a transport
aircraft and doesn't fly low Mach number endurance/ loiter missions, it is still
difficult to justify an increase of the specified maximum allowable fuel freeze
points without sufficient flight test data to support such a decision.

C-5

The fuel supply system consists basically of twelve integral wing tanks served by a
multi-purpose manifold which is segmented by separation valves to provide an
independent supply of fuel for each engine. The tanks include four main tanks,
four auxiliary tanks, and four extended range tanks. The four main tanks provide
direct tank-to-engine fuel, while the auxiliary and extended range tank fuel is
first transferred to the main tanks bWore being pumiped to the engines. A
schematic of the fuel system is shown in Figures 31 and 32.

The Number 1 and 4 Main Tanks are the most outboard tanks on the airplane. The C-5
fuel system has several favorable features with respect to alleviating cold fuel
problems. The auxiliary fuel transfers to the main resulting in a mixing action
plus agitation of the fuel. The wing bending relief is taken out by holding fuel
in the tips as is in the case for most large airplanes, however, in this case, the
outboard fuel is a main tank. No inboard transfer near the end of the flight is
required. Also, the transfer of the extended range fuel and auxiliary fuel to this
outboard main will tend to keep the temperatures from dropping as fast as in
isolated tanks.

Figure 33 shows the calculated recovery temperature to be -650C at 35,000 feet
for the light weight endurance condition and -53.5 0C at 37,000 feet for the heavy
weight maximum range condition. The C-5 Flight Manual instructions say to avoid
flying for more than 30 minutes at altitudes where indicated total air temperature
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is below the freeze point of the fuel plus 30C. Since the C-5 does not fly
loiter type missions, the fuel is less likely to reach these extreme cold
temperatures. Although the fuel system design and management methods indicate that
the C-5 should probably be able to operate with fuel temperatures slightly closer
to the freeze point than the other transport type aircraft in this study, it is
difficult to determine the degree without conclusive flight test data.

DISCUSSION OF CONGEALED FUEL BUILDUP

For each model aircraft there is obviously some amount of congealed fuel which
could be allowed before the critical flow of fuel to the boost pumps would be
unacceptably impaired. There will be varying amounts of congealing experienced in
different locations as the fuel cools due to the differences in structural
configurations, e.g., the amount of clipping involved (shear clips between skin &
rib), and the fuel mass available to supply heat.

There are no clear criteria which may be established and confidently evaluated as a
limiting condition on adequate tank internal fuel flow. At each location in the
fuel tank the amount of fuel head available, the rate of flow required, the rate of
change of fuel head and of fuel flow rates, the effect of wetted surface area to
locally affected fuel volume are all significant factors in the transient analysis
of tank fuel behavior. An insufficient data base exists to adequately correlate
all these items, along with the other factors of fuel properties, fuel
constituency, aircraft mission variations, and all of the considerations of failure
conditions as would be required for a determination of how much fuel congealing
could be allowed.

SURVIVABILITY/VULNERABILITY

The proposed fuel property changes were reviewed with personnel knowledgeable in
the mechanism and reactions of concepts used for self-sealing lines and tanks. No
change in the capability of these special features to protect flight crews and
vehicles are expected as a result of the proposed fuel property changes.

In specific regard to survivability aspects of operations in a combat environment,
the proposed property changes will have little or no effect on vapor pressure and
are directionally toward reduced volatility. Any effect in this area will be so
small as to be unidentifiable, but is directionally toward improved survivability.

The effect of fuel property changes on infrared signature or smoke levels are so
small as to be insignificant. Most of the increased metal temperatures occur in
areas which are not visible during normal operations.

247



FUEL PROPERTY VARIATION LIMIT SELECTION

Limits on the maximum allowable fuel freeze points for JP-4 and JP-8 fuel supplied
to the USAF have been investigated by examining the adiabatic wall temperature on
selected aircraft wing tanks during various flight conditions and by considering
other parameters which would affect freeze point selection. A MIL-STD-2108 one day
per year risk minimum outside air temperature was assumed. The types of missions
flown by each aircraft which place it in these flight conditions were considered.
Fuel system and fuel usage schedules were considered in some detail.

It was believed that wing adiabatic wall temperature alone as a limit would be
overly conservative. However, there is as yet no correlation among fuel
properties, wall temperature, time, geometry, fuel schedule, fuel system effects,
and outside air temperature variations -- all of which affect successful recovery
of a satisfactory quantity of fuel from the tanks as required -- which would allow
use of a value higher than the adiabatic wall temperature.

The values in Table I show the allowable change in fuel freeze point for each type
of aircraft considered. These values were calculated by subtracting the adiabatic
wall temperature for the airplane and the flight condition from the current values
of maximum allowable freeze point. The significant operating condition for each
aircraft is underlined. The tanker aircraft would be subject to light loiter
conditions, the transport missions would at worst be at maximum range conditions
and lightly loaded toward the end of cruise, and the fighter aircraft would only
have wing fuel or external fuel under relatively heavy conditions.

This chart shows that no change in maximum allowable fuel freeze point can be
allowed for all USAF fuel supplies. Indeed, many aircraft can experience fuel
temperatures below current allowable freeze point limits, if operating for a
sufficient length of time within a MIL-STD-2108 temperature environment.

The chart values could be interpreted to suggest that current operations with fuel
procured to current maximum allowable fuel freeze point levels may be inadequate.
This is not the case. Currently, fuel is almost always supplied with fuel freeze
points below the maximum allowable by specification. JP-4 fuels usually have
actual freeze points very much below the specified maximum allowable. The actual
frequency of encountering the very low temperatures listed in MIL-STD-210B is
unknown, but may very well be below the frequency shown there. In order to have a
problem on an aircraft, the low air temperatures must be encountered for a
significant period of time at the same time fuel of high freeze point is being
used. Data on the combined probability of these occurrences, if available, has not
been treated in this study, but the lack of experience with fuel freeze point
problems indicates that probability is very low. As actual fuel freeze points are
increased the probability of exposure to potential problems increases. Increases
in allowable freeze points will increase that probability.

The chart values could also be interpreted to suggest that the scope of the current
study is inadequate to thoroughly define the situation. This is very much the case.

If any of the airplanes in service encountered conditions which caused the fuel
temperature to even approach the freeze point, the pilot would have to take evasive
action (increase Mach number and/or decrease altitude) if he complies with the
aircraft flight manual. The "dash one" Technical Order (the commnercial airplane
flight manual equivalent) for all of the airplanes in this study instructs the
pilot either to not fly in conditions where the ram air temperature is at or below
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the freeze point of the fuel on board, or to not allow the fuel temperature to go
below a given amount above the freeze point of the fuel on board. If it was
proposed to operate with fuel temperatures below those specified in the manuals,
the aircraft manufacturer would have to determine new fuel freeze point margins
(fuel temperature minus fuel freeze point). Douglas has been requested several
times in the recent past to decrease this margin by customers for our commercial
airplanes. The result of the investigation was that the margin could not be
reduced without increasing the accuracy of the fuel temperature indicating system
components. Even with the increased accuracy system the margin could only be
decreased from 50C to 30C in some cases.

The fuel temperature indicating system sensor is usually located in tank locations
that normally contain the coldest fuel on board the airplane. It is recognized
that airplanes don't usually operate in a severe environment for the entire
flight. If the outside air temperature increases during the later portions of the
flight, the fuel at the location of the temperature sensor is usually the first to
increase in temperature. However, to allow the indicated fuel temperature to go
below the fuel freeze point and assume that it will warm up later in the flight
would require an extensive analysis of this operation and a definition of limits.

There have been test programs in the past to study the "pumpability" or
"flowability" of fuel in aircraft tanks at temperatures near the freeze point or
pour point. A recently completed USAF contract test program suggested that if the
fuel at a location one inch above the lower skin of a test tank was maintained at
or above the fuel freeze point, few problems were encountered in pumping the fuel
from the tank. The data and the significance of results from this prcgram are not
yet published. A comprehensive program would be required to correlate an aircraft
production fuel temperature indicating system with the fuel temperature one inch
off the bottom of the tank.

A study to determine allowable freeze point increases on a geographical, seasonal,
or airplane type basis could possibly offer some fuel cost/availability relief to
the USAF, but would result in a multi-grade fuel supply requirement to service
transient aircraft. The cost savings to make such a system financially feasible
would have to be very much mo~re than was indicated in preliminary reports by the
fuel supplier as part of this contract.
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SL UM ARY AND CONCLUSIONS

The objective of Phase I was to determine the amount of freeze point increase of
JP-4 and JP-8 that can be tolerated without appreciably degrading aircraft system
performance, safety, or survivability. First, it was determined which airplanes of
the Air Force inventory were using the majority of fuel supplies from 1979 through
1985. Next, the Mil-STD-2lOB one-day-per year risk minimumn temperature was chozen
as a reasonable minimum ambient temperature envelope for USAF aircraft operations.
All of the airplanes in the study were placed within this temperature envelope
during "fuel temperature critical" type missions. The aircraft adiabatic surface
temperature (recovery temperature) was then calculated for each mission. The
adiabatic surface temperature on the significant missions was selected as the
limiting case for fuel freeze point considerations.

The specification maximum allowable freeze point of JP-4 or JP-8 cannot be
increased without degrading system performance and safety as critical conditions :
are approached.

The environmental envelope for aircraft operations is the most important overall
factor in appraisals of the adequacy of fuel freeze points. A realistic envelope
requirement is needed.

MIL-STD-210B one day per year risk temperature levels compare favorably with
reported data and other studies on upper air temperature, but has limited
applicability.

A specific aircraft's peculiarities of operating envelope, geometry, and system
response at low temperatures are very important in evaluating how the aircraft will
function under conditions where actual fuel freeze point temperatures are to be
approached.

The ability to operate current aircraft closer to actual fuel freeze points is
constrained by operating limits applied to specific aircraft by the manufacturers.
These limits will have to be reconsidered by the manufacturers, who are unlikely to
have sufficient data available to extend the limits.

The design of future large aircraft is leading to a greater probability of limit
encounters if fuel freeze points are raised.

A geographically localized fuel freeze point increase may be allowed where air-
craft, missions and the flight environment permit. The determination of where and
by how much such increases are permissible is beyond the scope of this
investigation.

The USAF may increase fuel freeze points in peace time by being willing to examine
flight profiles, actual fuel freeze points, and upper air temperatures on critical
flights prior to dispatch and by planning for diversions or flight cancellations as
a method of coping with low fuel temperatures.

A war time position of perpetual readiness to go anywhere, anytime, with any
equipment, will require the UJSAF to standardize on low freeze point fuels.
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Some aircraft are not adequately equipped to give the crew fuel temperature
information essential to operations where actual fuel freeze point temperatures are
to be approached.

The proposed increases in freeze point, smoke point and end point will have no
effect on survivability/vulnerability.

The relaxed specifications for JP-4 and JP-8 fuels are expected to have an
insignificant effect on the materials used in self sealing fuel lines and fuel
tanks.
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RECOMMENDAT IONS

An extensive effort should be made to determine a realistic design and operating
temperature envelope that considers time of flight and geographical flight path as
independent variables. This will release the USAF from any constraints imposed by
the current data base that have resulted in MIL-STD-210B where time and flight
paths were not considered. A program of temperature recordings should be started
imediately to get a data base.

A survey of aircraft at specific bases and their missions should be made to
evaluate the ability to convert the base fuel supply to higher freeze point fuels.

The USAF should consider the use of actual freeze points rather than specification
maximums for aircraft dispatch evaluations on non-critical missions, to ease the
impact of any move to higher allowable freeze points. A specific fuel sampling
procedure will be required for each aircraft. A rapid plane-side method for
determining actual fuel freeze points should be developed for use with mixed fuel
loads or where fuel supply data is not available.

All aircraft in the inventory which are to be operated close to fuel freeze points
should have a review of their systems & procedures for operating nearer to actual
fuel freeze points.

A test procedure guideline and a test fuel should be developed to enable
manufacturers to run meaningful tests for evaluation of their systems and the
development of instrumentation system improvements.

Future aircraft design requirements should recognize the desire to make systems
less sensitive to low temperature operations. Fuel tankage and fuel management
systems of future aircraft should be evaluated for the trade offs between designing
to handle higher freeze point fuels and any fuel cost savings to be realized.

253



REFERENCES

1. M. A. O'Connor and W. B. King, "DC-8 Fuel System Design Considerations,
Oct. 2, 1958.

2. Francis J. Stockemer, "Experimental Study of Low Temperature Behavior of
Aviation Turbine Fuels in a Wing Tank Model, NASA CR-159615, 1979, pg. 70.

3. U.S.A.F., Program, PA-80-3, Aerospace Vehicles and Flying Hours (U), Volume
I, Aircraft and Flying Hours by M/D/S, 23 May, 1978 AFSCR 80-20, Par 56

4. A. J. Pasion and 1. Thomas, "Preliminary Analysis of Aircraft Fuel Systems
for Use With Broadened Specification Jet Fuels", NASA CR-135198, May 1976.

5. A. J. Pasion, "In-Flight Fuel Tank Temperature Survey Data", NASA
CR-l59569, 1979.

6. Douglas Aircraft File Records

254
U.S.Government Printing Office: 1981 - 757-002/428




